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ABSTRACT 
Transgenic Bt corn that produces insecticidal Cry toxins, such as Cry3Bb1, has 
revolutionized management of western corn rootworm, Diabrotica virgifera 
virgifera LeConte. However, insect resistance threatens Bt technology. This research 
investigated the relationship of western corn rootworm to landscape-level factors by 
examining local and regional spatial scales. Rootworm abundance, injury to corn, 
resistance to Cry3Bb1, and field management strategies were examined in local 
landscapes of previous problem fields (<2.2 km) and in counties where previous problem 
fields had been observed compared to counties where no problem fields had been 
detected. Also, geospatial tools were used to quantify continuous corn growth in areas 
surrounding previous problem fields. Rootworm abundance and root injury were similar 
in problem fields compared to the surrounding landscape, and resistance to Cry3Bb1 was 
uniform with slight variation in the magnitude of resistance. Previous problem fields had 
grown more Cry3 corn in the past six years than fields in the surrounding landscape. 
Additionally, abundance and injury did not differ between problem and non-problem 
counties, and resistance to Cry3Bb1 was similar between county types. Management 
strategies favored increased corn growth, soil insecticide use, and use of Cry34/35Ab1 in 
problem counties. Geospatial analyses showed that areas surrounding previous problem 
fields had grown more continuous corn compared to randomly selected point in the 
landscape, and this effect was most pronounced within 1.6km of the field centroid. These 
data present useful information for understanding relevant spatial scales of western corn 
rootworm management in Iowa, and will inform future strategies for extending the 
efficacy of transgenic technologies.
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CHAPTER 1.    GENERAL INTRODUCTION 
Transgenic Bt crops 
Transgenic crops producing insecticidal proteins derived from the bacterium 
Bacillus thuringiensis (Bt) have become an important agronomic tool in recent decades. 
Such crops have seen rapid and widespread adoption since the 1990’s, accounting for 100 
million hectares of cropland in 2017 (James 2017). When insects consume plant tissue 
expressing the Bt toxin, the toxin binds to receptors in the midgut, which causes pore 
formation in the gut membrane, loss of membrane function, and death of the organism 
(Schnepf et al. 1998). Bt crops have been beneficial for both farmers and the environment 
primarily by providing effective management of pest insects without the need for 
conventional insecticides (Wechsler and Smith 2018). This has resulted in higher yields, 
reduced input costs, reduced harm of non-target species, and substantially reduced 
insecticide usage overall (Marvier et al. 2007, Carpenter 2010, Edgerton et al. 2012).  
The extensive adoption of Bt crops introduced significant selection pressure for 
resistance in pest populations. To delay the evolution of resistance, Bt crops are required 
to be grown in conjunction with a non-Bt refuge. This is known as the refuge strategy. 
The planting of non-Bt plants ensures the survival of Bt-susceptible individuals. 
Simultaneously, the presence of evolutionary selection pressure for resistance means that 
some individuals will survive on Bt. When the relatively abundant Bt-susceptible insects 
mate with the relatively rare Bt-resistant individuals in a field, the offspring are 
heterozygous for resistance (Gould 1998). When resistance is recessive, these 
heterozygotes will be killed by the Bt toxin, preventing the resistance alleles from being 
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passed to the next generation. In this way, the refuge strategy serves to delay the 
evolution of resistance (Georghiou and Taylor 1977).  
There are a few important factors that can improve the ability of the refuge 
strategy to delay resistance: a high dose of toxin, low initial resistance allele frequency, 
and the presence of fitness costs. The requirement of high-dose is a key component to 
delaying resistance, and is defined as a toxin dose that kills 99.99% of susceptible 
individuals (U.S. EPA 1998). When this requirement is met, the resistance trait is 
functionally recessive and resistance can be effectively delayed. If the toxin is not high-
dose, the ability of refuge to delay resistance can be partially regained by increasing 
refuge size (Tabashnik et al. 2004, 2013). While more heterozygotes will survive on Bt 
plants, the larger area of refuge decreases the proportion of the population being selected 
for resistance, which compensates for the increased heterozygote survival.  
Another factor that favors the success of the refuge strategy in delaying resistance 
is when pest insects exhibit a low initial frequency of resistance alleles. The typical 
assumption of a low allele frequency in a population is ≤0.001 (i.e., resistance alleles 
occur in one-tenth of one percent of the population; Roush 1994, Huang et al. 2011), 
which is considered a best-case scenario for delaying resistance. However, models show 
that increasing the amount of refuge can compensate for higher frequencies. For example, 
Carrière and Tabashnik (2001) showed that refuge can delay resistance substantially 
when the proportion of initial allele frequency in a population is as high as 0.3, and 
resistance is inherited recessively. 
One additional factor that contributes to the refuge strategy is the presence of 
fitness costs. Fitness costs occur when a trait increases an individual’s fitness in one 
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environment, but lowers fitness in an alternative environment (Stearns 1989). In the case 
of Bt, fitness costs associated with resistance may result in lower fitness for resistant 
individuals compared to susceptible individuals when Bt is absent (i.e., in the refuge). 
When such a cost is present, refuges actively select against resistance, thereby increasing 
the ability of the refuge to delay the evolution of resistance (Gassmann et al. 2009). 
Plants which produce multiple Bt toxins targeting the same pest (pyramids) can 
work alongside the refuge strategy to delay resistance. The goal of pyramiding toxins is to 
kill both homozygous-and heterozygous-resistant individuals, as individuals that are 
resistant to one toxin are killed by the second toxin (Roush 1998). This redundancy means 
that pyramids can be more effective at delaying resistance compared to using a single trait 
with the refuge strategy alone (Carrière et al. 2015). Additionally, pyramids are expected 
to be better at delaying resistance compared to sequential use or spatial mosaics of 
differing Bt traits (Bourguet et al. 2013). However, adaptation to the pyramid can evolve 
rapidly if cross-resistance is present between the two toxins (Carrière et al. 2016), or if 
single-trait plants are grown concurrently with pyramided plants (Zhao et al. 2005). 
The refuge strategy has been successful in delaying resistance to Bt for some 
pests. Notable examples include European corn borer (Ostrinia nubilalis) on Cry1Ab 
corn, pink bollworm (Pectinophora gossypiella) on Cry1Ac cotton, and tobacco 
budworm (Heliothis virescens) on Cry1Ac and Cry2Ab cotton (Ali et al. 2006, Blanco et 
al. 2009, Siegfried and Hellmich 2012, Tabashnik et al. 2012). In most of these cases, the 
high-dose requirement is met and susceptibility has been retained for nearly two decades. 
For P. gossypiella, susceptibility has been maintained even in the presence of relatively 
high initial resistance allele frequencies (Tabashnik and Carrière 2017). An additional 
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case, that of the cotton bollworm, Helicoverpa armigera, on Cry1Ac shows that 
resistance can be delayed effectively even without the high-dose standard. By requiring a 
large percentage of each field to be planted to refuge (70%), Australia successfully 
delayed resistance to the toxin by increasing the abundance of susceptible individuals 
produced within the field (Tabashnik et al. 2008, Downes et al. 2010). 
While there have been successful cases of resistance management to Bt crops, 
there are also several cases where resistance has evolved in the field. Many insects have 
developed resistance substantial enough to result in economic losses, or show early 
warning signs of resistance (Tabashnik and Carrière 2017). Examples include corn 
earworm (Helicoverpa zea) on Cry1Ac and Cry2Ab cotton, fall armyworm (Spodoptera 
frugiperda) on Cry1F corn, and maize stalk borer (Busseola fusca) on Cry1Ab corn 
(Storer et al. 2010, Tabashnik and Carrière 2010, Kruger et al. 2011). One characteristic 
that these cases share is that the respective Bt traits do not meet the high-dose 
requirement for the pests they are intended to manage. Indeed, the high-dose assumption 
has proven to be among the most important parameters in delaying resistance (Campagne 
et al. 2016). Another case of Bt resistance for which the high-dose assumption is not met 
is that of the western corn rootworm, Diabrotica virgifera virgifera, one of the most 
economically important pests of corn in the United States. 
 
Western corn rootworm history and biology 
Western corn rootworm has its origins in Central or South America (Lombaert et 
al. 2018), and was first formally described by Joseph LeConte in 1868 using specimens 
collected in western Kansas (Smith and Lawrence 1967). There was nothing especially 
notable about this species until 1909, when it was observed damaging corn in central 
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Colorado (Gillette 1912). Reports of western corn rootworm were sporadic and largely 
limited to the western United States until the 1940’s (Bryson et al. 1953). However, the 
increased adoption of large-scale corn monocultures following World War II precipitated a 
dramatic range expansion for this pest (Meinke et al. 2009). Populations spread eastward, 
eventually reaching the Atlantic coast by the mid 1980’s (Krysan 1986). Today, western 
corn rootworm is firmly established in the corn belt of the United States, and costs farmers 
a predicted $1 billion annually in control costs and lost yield (Gray et al. 2009). 
Western corn rootworm is a univoltine coleopteran, and females oviposit eggs in 
cornfields during late summer (Hein and Tollefson 1985). The primary method of injury 
to corn occurs when eggs hatch in the spring, after diapause, and larvae begin to feed on 
corn root tissue (Chiang 1973). Severe injury to plants from root feeding can result in a 
reduction in the ability of the corn plant to absorb water and nutrients (Kahler et al. 1985, 
Godfrey et al. 1993). In general, each node of corn root that is pruned by larval feeding 
results in approximately 15 to 17% loss in yield (Dun et al. 2010, Tinsley et al. 2013). 
Adults feed on pollen and silk, which may interfere with plant pollination when densities 
are extremely high, but this feeding does not typically result in economic damage to the 
crop (Ball 1957, Culy et al. 1992). With enough injury to the root system, lodging or 
“goose-necking” of the plant may occur, which makes the corn more difficult to harvest 
and can result in additional lost yield (Riedell 1990, Spike and Tollefson 1991).  
There are several factors that help determine the geographic distribution of 
western corn rootworm on a broad landscape scale. A non-random distribution of 
abundance was shown in populations near 500 m above sea level (Beckler et al. 2004). 
Abrasion and desiccation of eggs can lead to decreased larval abundance in sandy soils, 
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and eggs fare better in soil that is moist but not saturated (Krysan 1978, Macdonald and 
Ellis 1990, Hoback et al. 2002). This indirectly implies an important role of regional 
weather patterns in conjunction with soil absorbency. Additionally, soil texture is likely 
important in rootworm survival due to its mediation of temperature and moisture levels, 
and may affect the ability of rootworm larvae to feed on root tissue (Turpin et al. 1972, 
Godfrey et al. 1995). Thus, some geographic areas are likely more preferable habitat for 
western corn rootworm due to abiotic factors. However, while western corn rootworm 
has demonstrated an ability to complete development on other grasses, it is functionally 
monophagous on corn (Krysan 1993, Clark and Hibbard 2004, Wilson and Hibbard 
2004). Thus, because multiple consecutive years of corn growth are essential for 
reproduction and population growth, it is likely that rootworm will be found in areas of 
high corn cultivation in the landscape.  
 
Managing western corn rootworm 
Western corn rootworm populations have historically been managed with crop 
rotation and soil insecticide (Levine and Oloumi-Sadeghi 1991, Levine et al. 2002). 
However, this species has demonstrated a propensity for evolving resistance to a range of 
management tactics. Chlorinated hydrocarbons such as aldrin and heptachlor were used 
in the 1940’s and 1950’s, and resistance to aldrin was reported by 1962 in Nebraska (Ball 
and Weekman 1962). Organophosphate and carbamate insecticides have been used to 
manage adults, but resistance had developed to both of these insecticide classes by 1998 
(Meinke et al. 1998). Pyrethroids have been employed in the modern agricultural era, but 
resistance to this insecticide class has appeared as well (Pereira et al. 2015). However, 
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organophosphate and pyrethroid mixes applied in the furrow at planting appear to be 
effective at reducing root injury (Shrestha et al. 2018a). 
Western corn rootworm has also developed resistance to crop rotation, an 
historical mainstay of pest management practices (Branson and Ortman 1970). In 1987, 
injury to first-year corn was observed in Illinois (Levine and Oloumi-Sadeghi 1991), 
which was the result of rootworm losing ovipositional fidelity to corn (Levine et al. 
2002). It was found that rotation-resistant populations displayed alterations in protease 
activity (Curzi et al. 2012) and differed in the community composition of microbes found 
in the gut (Chu et al. 2013) compared to rotation-susceptible populations. Rotation 
resistance among rootworm populations has spread in the intervening years and is now 
present in much of central Illinois and Indiana (Tinsley et al. 2018). However, rotation 
resistant western corn rootworm populations have not been identified in Iowa (Dunbar 
and Gassmann 2013). 
The first transgenic corn hybrid with a Bt trait targeting rootworm was Cry3Bb1, 
commercialized in 2003 (U.S. EPA 2003). This was followed by Cry34/35Ab1, mCry3A, 
and eCry3.1Ab in 2006, 2007, and 2014, respectively (U.S. EPA 2019). In 2009, fields in 
northeastern Iowa were found to have greater-than-expected (>1 node) of injury to 
Cry3Bb1 corn, and this injury was associated with resistance to Cry3Bb1 in subsequent 
assays (Gassmann et al. 2011). In the following year, 2010, several more fields exhibited 
injury to Cry3Bb1 corn with commensurate resistance levels by rootworm populations, 
and these fields were located in the northeast and northwest areas of Iowa (Gassmann et 
al. 2012). The locations of Cry3Bb1-resistant populations appear to broaden 
geographically between 2010 and 2013, with a few populations found in the southern half 
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of the state in this time period (Gassmann et al. 2014, Jakka et al. 2016, Shrestha et al. 
2018b). Cross-resistance between Cry3Bb1 and mCry3A, where resistance to one trait 
confers a degree of resistance to the other, was discovered in 2011 (Gassmann et al. 
2014). Additionally, cross-resistance to eCry3.1Ab, a toxin closely related to Cry3Bb1 
and mCry3A, was discovered before this toxin was even commercialized for public use 
(Jakka et al. 2016, Zukoff et al. 2016). More recently, resistance to Cry34/35Ab1 has 
been reported in populations from various locations around the state (Gassmann et al. 
2016, 2019). Cross-resistance has not been found between Cry34/35Ab1 and the Cry3 
toxins (Gassmann et al. 2011, 2012, 2014), likely due to the dissimilarity in protein 
structure between the two toxins. Cry34/35Ab1 is a binary protein, while the Cry3 
proteins have a three-domain structure (Li et al. 2013). Such a structural difference makes 
it unlikely that cross-resistance may occur (Ferré and Van Rie 2002), and it has been 
hypothesized that the mechanism of resistance is different between Cry34/35Ab1 and 
Cry3 toxins in western corn rootworm (Gassmann et al. 2019). 
Some biological factors may work to favor or hinder the ability of the refuge 
strategy to delay resistance to Bt. In western corn rootworm, several biological factors 
work against the refuge strategy to delay resistance to Cry3Bb1. For example, Cry3Bb1 
does not meet the high-dose standard (Gassmann 2016), fitness costs are minor in many 
populations, and sometimes not detected at all (Hoffmann et al. 2015, Ingber and 
Gassmann 2015, Paolino and Gassmann 2017), and alleles for resistance are relatively 
common (Andow et al. 2016). Additionally, some assumptions concerning rootworm 
movement and non-assortative mating have proven to be incorrect (Spencer et al. 2013, 
Andow et al. 2016), leading to preferential mating between resistant individuals, which 
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can increase the rate of resistance evolution. These traits contrast with those of another 
pest, European corn borer, which remains susceptible to the Bt toxin Cry1Ab. This toxin 
is high-dose for this species, with recessive inheritance of resistance alleles (Farinós et al. 
2004, Siegfried and Hellmich 2012), and alleles for resistance are uncommon (Stodola et 
al. 2006). Unlike western corn rootworm, these characteristics have favored the success 
of the refuge strategy to delay resistance to Cry1Ab since its introduction in 1996. Thus, 
the interaction of western corn rootworm biology with Cry3Bb1 corn promotes resistance 
to this toxin. 
Modern management of western corn rootworm includes reckoning with 
widespread Cr3 resistance, and an increasing frequency of Cry45/35Ab1 resistance. Crop 
rotation remains an effective tactic for managing rootworm in Iowa. However, even after 
experiencing severe injury to Cry3 corn by rootworm, farmers have responded by 
increasing soil insecticide use and using corn pyramided with multiple Bt traits, but not 
rotating to a non-host crop (Dunbar et al. 2016). Soil insecticide use generally provides 
no benefit for delaying resistance to Bt because the mortality imposed by the insecticide 
is too low to kill enough individuals that survive on Bt (Gustafson et al. 2007). Dunbar et 
al. (2016) also found that farmers are likely to plant pyramided corn in response to root 
injury. In practical terms this means switching from single-trait Cry3 corn to a pyramid 
including Cry34/35Ab1. The use of multiple traits in a pyramid can work in concert with 
the refuge strategy to delay resistance (Roush 1998). However, the ability of a pyramid to 
delay resistance is greatly diminished if resistance to one toxin is present (Carrière et al. 
2015, 2016). Thus, in landscapes where Cry3Bb1 resistance has developed, Cry34/35Ab1 
is essentially acting as the primary trait imposing rootworm mortality. Such a reliance on 
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Cry34/35Ab1 has produced intense selection pressure for resistance to this trait as well, 
resulting in cases of field failure and resistance (Gassmann et al. 2016, 2019). 
The next generation of transgenic technology, which uses RNA interference via 
DvSnf7 double-stranded RNA, is currently in the process of commercialization (Head 
2017, U.S. EPA 2017). However, because this new technology is pyramided with 
Cry34/35Ab1 and Cry3Bb1, selection pressure for resistance to these two Bt toxins will 
persist. If resistance to either Bt trait is present in rootworm populations meant to be 
managed by this hybrid, the longevity and efficacy of the pyramid will diminish quickly. 
Understanding how this new technology will interact with existing transgenic traits, and 
the ramifications for resistance management, are currently active areas of research. 
 
Bt resistance and the landscape 
In general, the relationship between pest movement in the landscape and the 
evolution of resistance to Bt is complex, being dependent on refuge abundance, spatial 
composition of fields, and the temporal distribution of crops (Sisterson et al. 2005). This 
indicates that resistance may evolve at different rates depending on local landscape 
characteristics and pest movement patterns. For example, variation in the proportion of Bt 
crops in a theoretical landscape was shown to result in rapid evolution of resistance to Bt 
due to intense short-term selection pressure for H. armigera and Helicoverpa punctigera 
(Ives et al. 2017). However, the movement behavior of pests like P. gossypiella and O. 
nubilalis may enable regional suppression to be achieved when a sufficient proportion of 
the landscape is planted to Bt crops (Carrière et al. 2003, Hutchison et al. 2010). Thus, the 
relationship between a pest and the landscape must be considered on a case-by-case basis. 
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Western corn rootworm differs from lepidopteran pests in that its movement is 
relatively limited. In general, the majority of rootworm movement occurs within a short 
distance (approximately 2 km or less) of the natal field (Marquardt and Krupke 2009, 
Spencer et al. 2009). Females move short distances after emergence before mating (Lew 
and Ball 1979), but are more likely to engage in long-distant flights afterward compared 
to males (Spencer et al. 2003). Females were also found to be more likely to fly long 
distances in response to high larval density (Yu et al. 2019). As the season progresses, 
rootworm may move to fields with corn producing silk and pollen in the local landscape 
(Naranjo 1994). In Europe, as many as one-third of adults have been observed leaving the 
natal field for nearby fields, independent of larval density (Levay et al. 2015). In areas of 
high corn cultivation, where attractive habitat is localized and abundant, adults are more 
likely to disperse nearby (Beckler et al. 2004). 
Dispersal is the primary mechanism responsible for the spread of resistance across 
a landscape in pest insects. This is because the evolution of resistance in populations is 
expected to be rare, and once it evolves it is exported from the field of its origination 
when resistance individuals disperse outward (Miller and Sappington 2017). Resistance 
may spread quickly throughout a landscape when a pest disperses far from its natal field, 
but spread of resistance alleles may be localized when pest movement is limited. There is 
some evidence that western corn rootworm transport resistance alleles locally via 
dispersal. For example, it was found that populations from fields in Nebraska where Cry3 
traits had never been grown still displayed adaptation to Cry3Bb1 in plant-based 
bioassays, suggesting that the alleles for resistance to this toxin were transported by 
resistant individuals from other populations in the landscape (Reinders et al. 2018). 
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Because we know that the majority of western corn rootworm movement occurs in a local 
setting, it is likely that the resistant individuals originated from nearby fields. While 
western corn rootworm may transport alleles in a local environment, it is unlikely that the 
broad spatial distribution of western corn rootworm resistance to Cry3Bb1 across the 
state of Iowa is due primarily to the effects of dispersal. Indeed, there are multiple lines 
of evidence to support that this pest is capable of evolving resistance independently 
among populations (Miller and Sappington 2017).  
In Iowa, resistance to Cry3Bb1 is geographically widespread in the landscape 
(Shrestha et al. 2018b). Instead of dispersal being the primary mechanism for this 
observed distribution of resistance, there is evidence that resistance to Cry3Bb1 has 
evolved in multiple, disparate populations independently. Resistance to Cry3Bb1 
appeared at roughly the same time in several locations in the Midwest, and the nature of 
resistance among the various populations differed with regard to the level of adaptation 
and the presence and severity of fitness costs (Gassmann et al. 2011, 2014, Ingber and 
Gassmann 2015, Wangila et al. 2015). A likely explanation is that, in these cases, 
resistance evolved in direct response to field-level selection pressure and not dispersal. 
This is in contrast to rotation resistance in Illinois populations of western corn rootworm, 
which appears to be spread primarily by dispersal, likely originating from a single 
epicenter (Miller et al. 2006, 2007, Miller and Sappington 2017). In addition, rotation 
resistance is another case where landscape plays an important role; models have shown 
how diversity of vegetation in the landscape impedes the spread of rotation resistance in 
western corn rootworm (Onstad et al. 2003). It appears that the chances of this adaptation 
occurring are exceedingly rare, which would explain why dispersal is the primary method 
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of its movement in the landscape. Conversely, resistance to Cry3Bb1 appears to occur 
with relative frequency among independent populations, as several genetic factors work 
against the refuge strategy in delaying resistance (Hoffmann et al. 2015, Ingber and 
Gassmann 2015, Gassmann 2016, Paolino and Gassmann 2017). This genetic 
predisposition for resistance to Cry3Bb1 has allowed resistance to evolve quickly in 
response to field-level selection in areas around the state, and may aid in explaining the 
distribution of Cry3Bb1-resistance on a state-wide scale. 
That western corn rootworm are capable of evolving resistance to Cry3Bb1 
independently among populations does not necessarily mean that movement in the local 
landscape does not affect Bt resistance in this pest. Other studies have shown how 
rootworm disperse locally from continuous cornfields into first-year corn (Chiang 1973, 
Pulliam and Danielson 1991, Beckler et al. 2004), and Reinders et al. (2018) showed how 
resistant individuals may establish resistance in such fields, without selection pressure. 
Shrestha et al. (2018b) showed that recently rotated fields harbored populations of 
rootworm that were resistant to Cry3Bb1, but these populations also developed more 
slowly on Cry3Bb1 corn compared to non-Bt corn. Such a developmental delay is 
indicative of lower levels of resistance to the toxin compared to resistant populations that 
do not experience such a delay. Development was not delayed in Cry3Bb1-resistant 
populations collected from continuous cornfields. This might suggest an effect of dilution 
of resistance due to rootworm movement among fields in some cases. Martinez and 
Caprio (2016) hypothesize that, in a more general sense, local movement among fields in 
a local landscape where resistance has already evolved would serve to homogenize 
resistance levels among neighboring populations.  
14 
Rootworm movement and the composition of local landscapes may also influence 
the initial evolution of resistance. It has been shown that growing single-traited and 
pyramided plants concurrently can increase the speed with which resistance evolves to 
the pyramid (Zhao et al. 2005). If single-traited corn and pyramided corn are grown in 
adjacent fields, and there is sufficient movement between the fields, resistance to both 
traits in the pyramid may evolve rapidly. Additionally, if corn is grown for multiple 
consecutive years in fields adjacent to one another, this may provide a method for 
continual selection for Bt resistance as rootworm move among fields. In this way, the 
composition of the local landscape may be exceedingly important with regard to the 
evolution of resistance to Bt traits by western corn rootworm. 
 
Approaches for understanding western corn rootworm in the landscape 
There is still much to understand about how landscape composition interacts with 
pest movement and resistance to Bt. In particular, the relationship of western corn 
rootworm to the landscape has largely been overlooked because its movement is 
primarily localized. Some research has examined the landscape in relation to western 
corn rootworm population dynamics and abundance (Beckler et al. 2004, O'Rourke and 
Jones 2011, O'Rourke et al. 2011), but the role of landscape in Bt resistance in this pest 
requires further investigation.   
The relevant spatial scale with which it is appropriate, or advantageous, to 
consider western corn rootworm is somewhat unclear. The refuge strategy operates on the 
level of the individual field, but rootworm clearly utilize the landscape beyond their natal 
habitat. This creates some ambiguity as to the optimal spatial scale with which to 
consider management of western corn rootworm, especially as it pertains to the evolution 
15 
of resistance to Bt (Andow et al. 2016, Martinez and Caprio 2016). Thus, there is a need 
to further understand the relative importance of independent evolution of Bt resistance 
compared to dispersal, and whether dispersal can explain the observed patterns of 
resistance in local and regional landscapes. Also, because field-level selection is an 
important factor in the evolution of resistance to Bt (e.g., Gassmann et al. 2011, Shrestha 
et al. 2018b), management choices that farmers make to control rootworm populations 
are also key components in understanding how and when resistance may evolve. 
Identifying local and regional management approaches, and linking these approaches to 
rootworm population characteristics, may be especially informative for understanding 
what drives resistance in areas around the state. 
The first case of Bt resistance in western corn rootworm was to Cry3Bb1 in 2009 
(Gassmann et al. 2011). The nature of this pest’s resistance to Cry3Bb1 is now well 
understood, and serves as a useful model for Bt resistance in general. The approach 
employed in this dissertation was to examine management tactics for western corn 
rootworm and resistance to Cry3Bb1 at multiple landscape scales. By investigating local, 
regional (i.e., the county level), and statewide scales, the goal was to further understand 
the relevant spatial scale of Cry3Bb1 resistance, and identify management patterns in 
Iowa that may have contributed to its evolution. Understanding the dynamics of 
rootworm movement, cropping patterns, and Cry3Bb1 resistance will inform future 
management approaches for transgenic crops, and aid in preserving the efficacy of these 
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Abstract 
Western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: 
Chrysomelidae), is a major pest of corn in the United States. Transgenic corn expressing 
insecticidal proteins derived from the bacterium Bacillus thuringiensis (Bt) is an 
important tool used to manage rootworm populations. However, field-evolved resistance 
to Bt threatens this technology. In areas where resistance is present, resistant individuals 
may travel from one field to a neighboring field, spreading resistance alleles. An 
important question that remains to be answered is the extent to which greater-than-
expected root injury (i.e., >1 node of injury) to Cry3Bb1 corn from western corn 
rootworm is associated with rootworm abundance, root injury, and levels of resistance in 
neighboring fields. To address this question, fields with a history of greater-than-
expected injury to Cry3Bb1 corn (focal fields) and surrounding fields (< 2.2 km from 
focal fields) were examined to quantify rootworm abundance, root injury, and resistance 
to Cry3Bb1 corn. Additionally, production of Bt corn and soil insecticide use for the 
previous six years were quantified for each field. Resistance to Cry3Bb1 was present in 
all fields assayed, even though focal fields had grown more Cry3 corn and less non-Bt 
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corn than surrounding fields. This finding implies that some movement of resistance 
alleles had occurred between focal fields and surrounding fields. Overall, our data 
suggest that resistance to Cry3Bb1 in the landscape has been influenced by both local 
rootworm movement and field-level management tactics.  
 




Transgenic crops that produce insecticidal proteins derived from the bacterium 
Bacillus thuringiensis (Bt) have been widely used since their introduction in the 1990’s, 
accounting for 100 million hectares of cropland in 2017 (James 2017). These crops have 
provided a number of benefits to both farmers and the environment, including higher 
yields, reduced exposure to non-target species, and reduced need for conventional 
insecticides (Marvier et al. 2007, Carpenter 2010, Edgerton et al. 2012). However, pest 
resistance to Bt threatens to curtail these benefits (Tabashnik and Carrière 2017). 
One tactic used to delay the evolution of resistance to Bt crops is the refuge 
strategy, which entails planting non-Bt plants alongside Bt plants. Under the refuge 
strategy, Bt-susceptible insects surviving on non-Bt plants mate with the relatively rare 
Bt-resistant individuals, producing heterozygotes (Gould 1998). This strategy works best 
when the dose of the Bt toxin is high enough that resistance is functionally recessive, 
when resistance alleles have a low initial frequency, and when resistance imposes a 
fitness cost (i.e., resistant individuals experience lower fitness in the absence of Bt than 
susceptible individuals) (Carrière and Tabashnik 2001, Tabashnik et al. 2008, Gassmann 
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et al. 2009, Carrière et al. 2010). In addition, plants that produce multiple Bt toxins 
targeting the same pest (i.e., pyramids) can work alongside the refuge strategy. When 
pyramids are used with a refuge, insects that are resistant to one toxin are killed by a 
second toxin, which can be more effective at delaying resistance compared to using a 
single traits sequentially (Roush 1998). 
The refuge strategy operates on the level of the individual field, but the 
composition of the broader landscape can influence pest abundances and distributions 
(Downes et al. 2017, Parry et al. 2017). In areas dominated by agricultural crops, the 
landscape may consist of a mosaic of potential habitats for pest species; thus, pest 
movement behavior can play an important role in population structure and spatial 
prevalence (Beckler et al. 2004). Additionally, the evolution of Bt resistance in particular 
may be affected by landscape composition and insect movement patterns (Sisterson et al. 
2005, Dalecky et al. 2006, Ives et al. 2017).  
Western corn rootworm (Diabrotica virgifera virgifera LeConte) is a univoltine 
coleopteran which has developed field-evolved resistance to all current Bt traits available 
to farmers for management of this pest (Gassmann et al. 2014, 2016, Jakka et al. 2016). 
High levels of rootworm abundance can result in significant economic losses, with every 
node of root pruning resulting in an approximately 15 to 17% loss in yield (Dun et al. 
2010, Tinsley et al. 2013). Resistance to the earliest Bt trait (Cry3Bb1, registered in 2003; 
U.S. Environmental Protection Agency 2003) was first detected in 2009 (Gassmann et al. 
2011). While Bt resistance in this pest has garnered much attention, the influence of 
movement within the landscape on resistance development is relatively unclear. 
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In general, the majority of corn rootworm movement occurs within a short 
distance (approximately 2 km or less) of the natal field (Marquardt and Krupke 2009, 
Spencer et al. 2009). Females move short distances after emergence before mating (Lew 
and Ball 1979), but are more likely to engage in long-distant flights afterward compared 
to males (Spencer et al. 2009). Females were also found to be more likely to fly long 
distances in response to high larval density (Yu et al. 2019). As the season progresses, 
rootworm may emigrate to fields with corn producing silk and pollen in the local 
landscape (Naranjo 1994). In Europe, as many as one-third of adults have been observed 
leaving the natal field for nearby fields, independent of larval density (Levay et al. 2015). 
In areas of high corn cultivation, where attractive habitat is localized and abundant, adults 
are more likely to disperse nearby (Beckler et al. 2004). 
Independent evolution of resistance among metapopulations versus dispersal by 
individuals with resistance genes are the two methods by which resistance may spread 
within a landscape. In general, dispersal is the primary mechanism responsible for the 
spread of resistance in pest insects (Miller and Sappington 2017). However, there is 
evidence that western corn rootworm resistance to Cry3Bb1 has evolved independently in 
different locations. Primarily, resistance to Cry3Bb1 appeared at roughly the same time in 
disparate locations in the midwestern United States. The nature of resistance among these 
populations differed with regard to the level of adaptation and the presence and severity 
of fitness costs (Gassmann et al. 2011, 2014; Ingber and Gassmann 2015, Wangila et al. 
2015). A likely explanation is that, in these cases, resistance evolved in direct response to 
field-level selection pressure. 
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While there is evidence of independent evolution of resistance, there is also 
indirect evidence that western corn rootworm transport resistance alleles via dispersal. In 
Nebraska, it was found that populations from fields where Cry3 traits had never been 
grown still displayed adaptation to Cry3Bb1 in plant-based bioassays, suggesting that the 
alleles for resistance were transported by resistant individuals from other populations in 
the landscape (Reinders et al. 2018). Thus, the interplay between independent evolution 
and dispersal complicates our understanding of this pest and the relevant spatial scale of 
possible resistance mitigation tactics (Andow et al. 2016, Martinez and Caprio 2016).  
The goal of our study was to better understand the spatial structure of western 
corn rootworm in the landscape surrounding fields that had previously experienced injury 
to Bt corn (previous problem fields). Here we examine root injury to corn by rootworm, 
adult rootworm abundance, resistance to Cry3Bb1, and management history in problem 
fields and fields in the local landscape. We hypothesized 1) fields closer to previous 
problem fields would have higher root injury, rootworm abundance, and levels of 
adaptation to Cry3Bb1 than fields further away; and 2) previous problem fields would 
have different management histories for western corn rootworm compared to fields in the 




Over three years (2015, 2016, and 2017), a total of 20 fields with a history of 
greater than expected rootworm injury to Bt corn expressing a Cry3 toxin (i.e., greater 
than one node of injury to Cry3Bb1 or mCry3A corn) (U.S. Environmental Protection 
Agency 2011) were selected for study in north-central and north-eastern Iowa (referred to 
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as “focal fields”). Sample sizes were N=5, N=6, and N=9 for 2015, 2016, and 2017, 
respectively (Fig. 1A). In addition to focal fields, neighboring fields in the local 
landscape were also selected for sampling (referred to as “surrounding fields”). We 
defined the “local” landscape as the area surrounding a focal field within approximately 2 
km, and surrounding fields were selected based on this criterion (i.e., fields located 
approximately 2 km or less from the focal field). Sample sizes for surrounding fields 
were N=12, N=15, and N=19 for 2015, 2016, and 2017, respectively. These fields were 
located a maximum of 2.2 km from the focal field (measured centroid to centroid), and 
the number of surrounding fields associated with a focal field ranged from 0 to 4 (mean = 
2.3 surrounding fields/focal field).   
 
Rootworm abundance and root injury 
Western corn rootworm abundance was measured using yellow sticky traps 
(Pherocon AM unbaited yellow sticky traps, Trécé Inc., Adair, OK) placed on the plant at 
ear-level. Ten traps were placed in each field in two parallel transects of five traps each 
following Dunbar et al. (2016). Traps were placed 30 m apart along transects, with ca. 15 
m between transects, and both transects were set a minimum of 30 m from any field 
border. There were three sampling periods for each field. Periods ranged from six to 10 
days (7.2 d ± 1.1 mean ± sd), and began 20 July in 2015 and 24 July in 2016 and 2017.  
Root injury was assessed by digging roots of corn plants in the rows adjacent to 
where the sticky traps were placed, with 10 roots sampled per field. Roots were washed 
and rated on the 0-3 node injury scale within 48 hours of being sampled from the field 
(Oleson et al. 2005). Additionally, a sample of leaf tissue was collected from each plant 
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at the time of digging and used to determine the Bt trait(s) present in the field using an 
ELISA-based test kit (Envirologix Inc., Portland, ME).  
 
Collection of adults and single-plant bioassays 
All fields were sampled for live adult rootworm using a manual aspirator 
(BioQuip Products Inc., Rancho Dominguez, CA). The mean number of adults collected 
per field for all years was 45.8 ± 143.1 (mean ± sd). Of the 66 fields of the study, at least 
one adult rootworm was captured in 30 fields. Upon collection, adult rootworm were 
brought to the laboratory and placed in 18 × 18 × 18 cm plastic insect cages (MegaView 
Science Co. Ltd., Taichung, Taiwan), with rootworm from each field held in a separate 
cage. Cages were stored in an environmental chamber (I41-LL, Percival Scientific, Perry, 
IA) with 16:8h L:D cycle at 25°C, and ca. 65% RH. Each population was supplied with a 
corn leaf, Petri dish of complete adult diet (Frontier Agricultural Sciences, Newark, DE), 
and a 1.5% agar solid as a water source (Thermo Fisher Scientific Inc., Waltham, MA), 
all of which were replaced three times per week. Additionally, rootworm were provided 
with a Petri dish of oviposition substrate, consisting of finely sieved soil (particle size < 
180 µm). Eggs were collected weekly until all adults were dead. Total number of eggs 
per field, from which rootworm were collected, was 1226.4 ± 3297.7 (mean + sd). 
Eggs were held in an environmental chamber for a minimum of two weeks, after 
which time they were stored at 4°C for at least five months to break diapause. Eggs were 
then removed from 4°C and placed in a dark environmental chamber at 25°C to induce 
hatching. Resulting larvae were used in a single-plant bioassay following Gassmann et al. 
(2014). The bioassay consisted of 12 replicates of two corn types, Bt (Cry3Bb1 [DKC 43-
48] and its non-Bt genetic isoline [DKC 43-46]). Plants were grown in 1 L plastic cups 
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(Placon, Madison, WI) to the V4-V5 growth stage (Abendroth et al. 2011). Twelve 
neonate larvae (< 24h old) were placed gently on exposed root tissue using a paintbrush. 
The stalk of each plant was cut to approximately 20 cm and leaves were trimmed to 
approximately 10 cm to allow plants to fit within the environmental chamber. A thin 
layer of adhesive (Tanglefoot Insect Barrier, The Ortho Group, Marysville, OH) was 
applied to the inside rim of each bioassay cup to prevent larvae from escaping. Each plant 
was placed in an environmental chamber at 24°C, 16:8h L:D, 65% R.H, and received 50 
mL of deionized water up to three times weekly if the soil surface was dry. 
Seventeen days after larvae were added to plants, the remaining aboveground 
tissue was removed and the root mass, with potting medium and larvae, was placed on a 
Berlese funnel. The root mass remained on the funnel for four days, during which time 
the larvae were collected in a vial containing 85% ethanol. At the end of the fourth day, 
the vial was removed from the Berlese funnel and larvae were counted using a dissecting 
microscope (MZ6, Leica, Microsystems, Wetzlar, Germany). Head capsule width of 
larvae was measured using a digital microscope camera and imaging software (Moticam 
2500, Motic Images Plus 3.0; Motic North America, Richmond, British Columbia, 
Canada). Larval head capsule widths were used to determine instar (first, second, or 
third) (Hammack et al. 2003).  
For 2015 field populations, bioassays began (i.e., larvae were placed on the first 
plant) 20 April, 2016, and ended (i.e., the last vial was collected from the Berlese funnel) 
on 14 June, 2016. For 2016 field populations, bioassays began 24 April and ended 9 July, 
2017, and for 2017 populations, bioassays began 23 April and ended 10 June, 2018. 
Between one and three field populations were assayed weekly along with a Bt-
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susceptible, diapausing control strain. A control strain was assayed alongside each cohort 
(i.e., all field and control populations for which assays began in the same week) using 
identical procedures (i.e., 12 plants of each type per week, each of which received 12 
larvae) to account for possible temporal variation in larval survival. There were five sets 
of controls run in all years, one for each cohort of bioassays. One set of controls in 2015 
and one set in 2017 had low survival on non-Bt corn (mean < 15%), and were 
subsequently excluded, resulting in a total sample size of 48 Cry3Bb1 and 48 non-Bt 
plants in 2015 and 2017, and 60 of each type in 2016. Control populations were 
diapausing lab strains obtained from United States Department of Agriculture, 
Agricultural Research Service, North Central Agricultural Research Laboratory in 
Brookings, South Dakota. In 2015, controls used in bioassays consisted of four different 
populations: Control 1 (first collected in Finney Co., KS, 2000), Control 2 (Butler Co., 
NE, 1999), Control 3 (Moody Co., SD, 1986), and Control 4 (Phelps Co., NE, 1995). All 
strains were collected and reared in a laboratory setting prior to 2003, which is the year 
when Bt corn was first introduced for management of western corn rootworm. Thus, the 
control populations used in this experiment had never experienced selection on Bt corn. 
Each strain was assayed once in 2015 alongside field populations as described above. In 
2016 and 2017, controls assayed as part of each weekly cohort consisted of multiple 
replicates of a single population (Control 3 from 2015).  
Fields were excluded from analysis if replication was below five plants of each 
corn type. In total, successful bioassays were conducted for two focal fields and three 
surrounding fields in 2015, two focal fields and four surrounding fields in 2016, and three 
surrounding fields in 2017 (14 total fields; Fig. 1B). Sixteen fields from which adults 
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were collected did not yield enough replication to be included in the data analysis, because 
the number of adults (range = 0 – 140; mean ± sd = 11.9 ± 33.2) and eggs (range = 0 – 
1500; mean ± sd = 296.3 ± 362.3) collected were too low. Fields for which replication was 
sufficient generally had a much higher number of adults (range = 35 – 897; mean ± sd = 
202.5 ± 253.1) and eggs (range = 400 – 20,000; mean ± sd = 5442.9 ± 5337.0). 
 
Field management history 
The total number of years of consecutive corn growth for each field was 
calculated using CropScape Data Layer (National Agricultural Statistics Service, United 
States Department of Agriculture; available at: https://nassgeodata.gmu.edu/CropScape). 
This metric was calculated from 2003 (inclusive), the year Bt corn was first marketed 
(e.g., for a field sampled in 2015, the maximum value for consecutive years of corn 
cultivation was 13). More detailed information on cropping history was also collected 
from crop consultants and farmers. Specifically, Bt traits used (Cry3Bb1, mCry3A, 
eCry3.1Ab, Cry34/35Ab1, or any pyramid thereof) and presence or absence of soil 
insecticide were determined for the year of sampling and the five previous years, for a 
total of six years of data. The number of years for which data could be obtained was 4.7 y 
± 1.7 (mean ± sd) for Bt use, and 5.3 y ± 1.5 (mean ± sd) for soil insecticide use (Supp. 
Tables 1-3). The following metrics were calculated from the information obtained from 
CropScape Data Layer and from crop consultants and farmers: 1) the total number of 
years the field was planted to corn continuously, 2) proportion of years the field was 
planted to corn in the previous six years (e.g., if a field was planted to corn in any three 
out of six years for which the management history was known, the proportion value 
would be 0.5), 3) proportion of years soil insecticide was used in years when corn was 
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planted (e.g., if a field was planted to corn in four of the six years, and soil insecticide 
was used in two years when corn was planted, the proportion would be 0.5), 4) proportion 
of years non-Bt corn was planted, 5) proportion of years corn was planted that included a 
single-trait Cry3 protein (i.e., either Cry3Bb1 or mCry3A), 6) proportion of years single-
trait Cry34/35Ab1 corn was planted, 7) proportion of years pyramided corn was planted 
(Cry34/35Ab1 + Cry3Bb1 or Cry34/35Ab1 + mCry3A), 8) proportion of years soil 
insecticide as used on Bt corn, and 9) proportion of years soil insecticide was used on 
non-Bt corn. No fields had planted corn expressing eCry3.1Ab. 
 
Data analysis 
All data were analyzed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). For 
rootworm abundance, values used in analyses were calculated as [total number of adults 
caught/trap/sampling day] during the sampling period with the highest abundance for the 
field. To test the hypothesis that focal fields and surrounding fields differed in rootworm 
abundance and root injury, a mixed-model analysis of variance (PROC MIXED) was 
used. Either root injury or rootworm abundance was used as the response variable, with 
field type (focal field or surrounding field), year, and their interaction as fixed effects. 
Random effects in the model were field location (i.e., a focal field and its associated 
surrounding fields), location (year), field type (location), and field type (location (year)). 
Random terms were pooled in the model if P ≥ 0.25 for that term. Root injury and 
abundance were transformed using a square root transformation to improve normality of 
the residuals in analysis of variance. A Pearson’s correlation (PROC CORR) was used to 
examine the relationship between distance from focal field and either root injury or 
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rootworm abundance (total N = 66 fields). Focal fields were included in the analysis, with 
a distance value of zero. 
For root injury, in cases where a field was planted to Bt corn, refuge plants (i.e., 
those lacking a Bt trait in a field planted to a mixture of Bt corn and non-Bt corn) were 
removed from the analysis because refuge plants are expected to have greater levels of 
injury than Bt plants. Including refuge plants in analysis would inaccurately reflect injury 
to Bt corn in the field, thus these data were removed (mean number of refuge plants per 
field ± sd = 0.30 ± 0.60).   However, a secondary analysis was conducted to assess injury 
to non-Bt corn compared to Bt corn for fields in which both types of corn were present 
(N = 17). A paired t-test (PROC TTEST) was performed to compare injury to Bt and 
non-Bt corn, with the null hypothesis that mean injury did not differ between Bt and non-
Bt plants in these fields.  
To analyze bioassay results, proportion survival on Cry3Bb1 corn and non-Bt 
corn was examined separately for each year using analysis of variance (PROC GLM). 
Proportion survival was the response, with population, corn type (Cry3Bb1 vs non-Bt), 
and their interaction as explanatory variables. Linear contrasts (CONTRAST statement) 
were used to compare proportion survival on Cry3Bb1 corn and non-Bt corn for each 
population to the susceptible controls within the year the assays were conducted. The null 
hypothesis for these tests was that survival did not differ between the field population and 
the control populations on each corn type, and the alternative hypothesis was that survival 
was significantly different between the field population and the control populations on 
each corn type. For Cry3Bb1 corn, significantly higher survival in the field population 
compared to the control populations would indicate resistance to Cry3Bb1. For survival 
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on non-Bt corn, a difference between the field population and control populations would 
indicate some level of variation among populations for survival in the assay unrelated to 
the presence of Cry3Bb1 in corn. Proportion survival was transformed by the arcsine of 
the square root to improve normality of the residuals. 
To further characterize resistance, survival on Cry3Bb1 corn was compared to 
survival on non-Bt corn within each population using a one-tailed t-test (PROC TTEST). 
The null hypothesis was that the proportion of surviving larvae would be the same 
between the two corn types, and the alternative hypothesis was that the proportion of 
surviving larvae would be lower on Cry3Bb1 compared to non-Bt. A one-tailed test was 
used because it provided greater statistical power, as survival is expected to be lower on 
Cry3Bb1 corn than non-Bt corn or roughly equal, but not higher. A rejection of the null 
in this case would indicate incomplete resistance to Cry3Bb1. Likewise, the proportion of 
third instar larvae (i.e., the number of larvae collected at the end of the assay that reached 
the third instar divided by the total number of larvae collected) was calculated for each 
corn type within a population, and a one-tailed t-test was used to test for a lower 
proportion of third instar larvae on Cry3Bb1 corn compared to non-Bt corn. Again, a one-
tailed test was used because a smaller or equal proportion of third instar larvae would be 
expected on Cry3Bb1 corn compared to non-Bt corn, but not a higher proportion. The 
null hypothesis was that the proportion of third instar larvae would be equal between the 
two corn types (indicating an equivalent developmental rate of the larvae), and the 
alternative hypothesis was that the proportion of third instar larvae would be lower on 
Cry3Bb1 corn compared to non-Bt corn (indicating a slower developmental rate on 
Cry3Bb1 corn than non-Bt corn). A rejection of the null would indicate incomplete 
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resistance to Cry3Bb1 corn. Proportion survival and proportion of third instar larvae were 
transformed by the arcsine of the square root to improve normality of the residuals. T-
tests used pooled variances in cases where variances were equal between the two groups 
being tested (e.g., survival in a population on Cry3Bb1 corn and survival in that 
population on non-Bt corn). In cases where variances were unequal, the Satterthwaite 
method was used. Control populations were not analyzed for instar, as very few larvae 
exposed to Cry3Bb1 survived the assay (mean proportion survival on CryBb1 corn in all 
controls = 0.05 ± 0.09 [mean ± sd]). 
To account for variation in survival on non-Bt corn among the populations (see 
Results), a complementary analysis was conducted using corrected survival (proportion 
of surviving larvae on Cry3Bb1 corn in a replicate  ÷ mean proportion surviving larvae 
on non-Bt corn in all replicates of a population) (Abbott 1925). Analysis of variance 
(PROC GLM) was used to analyze corrected survival for each year separately. Corrected 
survival was the response variable and population was the independent variable. Linear 
contrasts were used (CONTRAST statement) to compare each field population to the 
controls. Significantly higher corrected survival in a field population compared to 
controls would indicate resistance to Cry3Bb1. To test for a difference in corrected 
survival between focal fields and surrounding fields, analysis of variance was used 
(PROC GLM) with corrected survival as the response variable and year, field type, and 
their interaction as independent variables.    
To test whether field management differed for focal fields compared to 
surrounding fields in the year of sampling, a chi-square analysis was conducted (PROC 
FREQ). To test for a difference in historical management tactics, each field characteristic 
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calculated as a proportion of management over the last six years was used in a mixed 
model analysis of variance (PROC MIXED), with field type (focal field or surrounding 
field) as a fixed effect, and field location (i.e., a focal field and its associated surrounding 
fields) and field type(location) as random effects. Random terms were pooled if P ≥ 0.25. 
Years of continuous corn was transformed by ln(y) to improve normality of the residuals. 
Samples sizes differed for each metric due to missing information for some fields (Supp. 
Tables 1-3; see Table 4 for sample sizes). 
For all present and historical field management metrics, multiple regression 
analysis (PROC REG) was used to test the effect of management strategies on rootworm 
abundance and root injury (Sokal and Rohlf 1995). Independent variables for a field were 
excluded if the information being analyzed was unknown for more than three of the six 
years (Supp. Table 1-3). All metrics were first analyzed in a correlation matrix (PROC 
CORR) to determine if collinearity was present between any variables (Pearson’s 
correlation coefficient >0.80). Soil insecticide use in the year of sampling and the 
proportion of years soil insecticide was used on Bt corn in the last six years were both 
collinear the proportion of years soil insecticide was used in six years (Supp. Table 4). 
Collinearity indicates that the variation in the response could be potentially explained by 
other variables in the model, thus soil insecticide use in the year of sampling and 
proportion of years soil insecticide was used on Bt corn were removed from the analysis. 
The remaining variable represented the variation explained by all three collinear 
variables, and was a measure of overall soil insecticide use in the fields over time when 
Bt corn was present (referred to below as “soil insecticide use with Bt”). The following 
variables were then used as independent variables in the multiple regression, with either 
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rootworm abundance or root injury as the response: non-Bt corn planted in the year of 
sampling (0=no, 1=yes), Cry3 corn planted in the year of sampling (0=no, 1=yes), 
Cry34/35Ab1 corn planted in the year of sampling (0=no, 1=yes), pyramided corn grown in 
the year of sampling (either Cry34/35Ab1 + Cry3Bb1 or Cry34/35Ab1 + mCry3A, 0=no, 
1=yes), the total number of years the field was planted to corn continuously, the proportion 
of years the field was planted to corn in the previous six years, soil insecticide use with Bt, 
proportion of years non-Bt corn was planted, proportion of years single-trait Cry3 corn was 
planted (either Cry3Bb1 or mCry3a), proportion of years single-trait Cry34/35Ab1 corn 
was planted, and the proportion of years soil insecticide was used on non-Bt corn. In total, 
47 fields were used in this analysis (Supp. Tables 1-3). Stepwise selection was used to 
identify the most appropriate model (P<0.25 for inclusion in the model, P>0.15 for 
retention) following Dunbar et al. (2016). The total number of years the field was planted 
to corn was transformed by ln(y), and rootworm abundance and root injury were 
transformed using a square root transformation to improve normality of the residuals.  
 
Results 
Rootworm abundance and root injury 
Mean adult abundance for all focal fields was 0.29 rootworm/trap/day ± 0.09 
(mean ± SE), and for all surrounding fields was 0.89 rootworm/trap/day ± 0.43 (mean ± 
SE). None of the factors tested (field type [focal field vs surrounding field], year, and 
their interaction) had a significant effect on rootworm abundance (Fig. 2A; Table 1). 
Mean root injury in focal fields was 0.04 nodes ± 0.008 (mean ± SE), and for surrounding 
fields mean injury was 0.09 nodes ± 0.03. Likewise, none of the factors tested had a 
significant effect on root injury (Fig. 2B; Table 1). For the 17 fields where refuge plants 
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were found, there was not a statistical difference in injury to Bt corn compared to non-Bt 
corn (Table 2). There was not a statistically significant correlation between distance from 
focal field and rootworm abundance (Fig. 3A) or root injury (Fig. 3B).  
 
Single-plant bioassays 
For the bioassays, the interaction of population and corn type was significant in 
2016 and 2017, indicating that survival differed between Cry3Bb1 and non-Bt corn, and 
this difference varied by population. The effect of population and corn type were both 
highly significant in 2015, while the interaction was not significant. All focal field and 
surrounding field populations tested had significantly higher survival on Cry3Bb1 
compared to the controls (Fig. 4). Some variation existed with regard to survival on non-
Bt corn; two focal fields and two surrounding fields in 2015 (fields 1, 1c, 2, and 4a), one 
surrounding field in 2016 (11a), and one surrounding field in 2017 (16a) had significantly 
higher survival on non-Bt compared to controls, and one surrounding field from 2016 
(9b) had significantly lower survival on non-Bt compared to controls (Fig. 4). A sign test 
showed that the number of field populations that had higher survival compared to lower 
survival on non-Bt corn did not deviate from a null hypothesis that there were an equal 
number of populations with higher versus lower survival compared to controls (P = 0.13) 
(Sokal and Rohlf 1995). 
All control populations showed significantly lower survival on Cry3Bb1 corn 
compared to non-Bt (Fig. 4). Of the field populations tested (four focal fields and 10 
surrounding fields) all focal fields and seven surrounding fields had equivalent survival 
on the two corn types. Only three populations had significantly lower survival on 
44 
Cry3Bb1 corn compared to non-Bt corn: surrounding field 4a from 2015, surrounding 
field 11a from 2016, and surrounding field 14c from 2017 (Fig. 4). 
There was no difference in proportion of third instar larvae between Cry3Bb1 
corn and non-Bt corn for any of the focal field populations and seven of the ten 
surrounding field populations (Fig. 5). Surrounding field 4a from 2015, surrounding field 
14c from 2017, and surrounding field 20b from 2017 had a significantly lower proportion 
of third instar larvae on Cry3Bb1 corn compared to non-Bt corn.  
Considering both differences in survival and development, most populations (all 
focal fields and six surrounding fields) demonstrated complete resistance to Cry3Bb1 
corn (i.e., no difference in survival and no developmental delay). One population had a 
lower proportion of third instar larvae on Cry3Bb1, but did not show a difference in 
survival on the two corn types (20b). One population had lower survival on Cry3Bb1 
corn compared to non-Bt, but did not show a developmental delay (11a). Two 
populations had lower survival on Cry3Bb1 and showed a lower proportion of third instar 
larvae, suggesting incomplete resistance to Cry3Bb1 (4a and 14c). These results reveal 
that, while all tested populations were resistant compared to susceptible controls, there 
was some variation in the level of adaptation to Cry3Bb1 in the landscape of northeastern 
Iowa (Fig. 1B). 
There was an effect of population on corrected survival in all years. The linear 
contrasts used to compare corrected survival in each field population to the relevant 
control populations showed that all focal fields and all surrounding fields had 
significantly higher corrected survival compared to controls (Fig. 6). Corrected survival 
did not differ between focal fields and surrounding fields (Table 4). 
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Field characteristics 
Presence and type of Bt used and soil insecticide use did not differ between focal 
fields and surrounding fields for the year of sampling (Table 5). For historical 
management tactics, proportion of years non-Bt corn was planted was higher in 
surrounding fields compared to focal fields, and focal fields had planted more Cry3 corn 
than surrounding fields (Table 6). 
Multiple regression revealed rootworm abundance to be negatively correlated 
with non-Bt corn planted in the year of sampling and soil insecticide use with Bt. There 
was a positive correlation between abundance and the historical proportion of Cry3 use, 
and this was the only metric that was significant at the P ≤ 0.05 level. These three 
independent variables explained approximately 26% of the observed variation in 
abundance (Table 7). Root injury was negatively correlated with soil insecticide use with 
Bt, and positively correlated with historical proportion of Cry3 use. The proportion of 
Cry3 was significant at the P ≤ 0.05 level, and these two variables explained 
approximately 24% of the observed variation in root injury (Table 7).  
 
Discussion 
In our experiment, we found that rootworm abundance and root injury did not 
differ between fields with a history of injury to Cry3 corn and fields in the surrounding 
landscape (Table 1, Fig. 2). Additionally, we found that all field populations exhibited 
resistance to Cry3Bb1 corn, and levels of resistance did not differ between focal fields 
and surrounding fields (Table 4, Fig. 4-6). These findings indicate that we should reject 
our first hypothesis, that focal fields would have higher rootworm abundance, root injury, 
and resistance to Cry3Bb1 than surrounding fields. However, our second hypothesis, that 
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strategies for managing rootworm would differ between focal fields and surrounding 
fields, was supported. We found that focal fields had grown more Cry3 corn and less 
non-Bt corn in the past six years compared to surrounding fields. Other studies have 
shown that selection pressure resulting from frequent planting of Cry3Bb1 corn in a field 
is associated with resistance to this trait by western corn rootworm (Gassmann et al. 
2011). Because management differed in the two field types, but resistance to Cry3Bb1 
did not, our data suggest that, to some extent, rootworm have carried alleles for resistance 
to Cry3Bb1 from focal fields to surrounding fields.  However, evolution of Cry3 
resistance in surrounding fields also likely occurred because Cry3 corn was planted in 
these fields.   
The propensity for western corn rootworm to evolve resistance to Cry3Bb1 
independently as a result of field-level selection is supported by multiple lines of 
evidence (Gassmann et al. 2011, Miller and Sappington 2017). The refuge strategy is the 
primary method by which farmers attempt to delay resistance to Bt, and has been utilized 
successfully to manage development of resistance in some pest species. In general, the 
success of the refuge strategy has hinged on a few important factors: low initial resistance 
allele frequency, the presence of fitness costs, and the meeting of the “high dose” 
requirement which renders resistance functionally recessive. When all or most of these 
factors are present, resistance may be delayed for extended periods of time (Tabashnik 
and Carrière 2017). Examples include European corn borer, Ostrinia nubilalis, pink 
bollworm, Pectinophora gossypiella, and tobacco budworm, Heliothis virescens (Ali et 
al. 2006, Siegfried and Hellmich 2012, Tabashnik et al. 2012). Western corn rootworm, 
however, experience minor fitness costs to resistance, when costs are detected at all, and 
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none of the Bt traits developed for rootworm meet the threshold for high-dose (Hoffmann 
et al. 2015, Ingber and Gassmann 2015, Paolino and Gassmann 2017). Thus, this pest is 
well-suited for adaptation to Bt and field-level selection may lead to rapid resistance 
evolution. Because Cry3 corn had been grown in both focal fields and surrounding fields, 
it is probable that selection had occurred in both field types in this experiment. Thus, 
resistance observed in focal fields and surrounding fields were, at least to some degree, 
likely the result of field-level selection pressure. 
There is, however, also evidence that Bt resistance is spread due to pest 
movement. For example, computer modeling work on Helicoverpa zea, has shown that 
clusters of up to 20 contiguous fields where Bt use was high led to rapid evolution of 
resistance due to pest movement (Storer et al. 2003). Additionally, Cry3Bb1-resistant 
western corn rootworm populations in Nebraska were found in cornfields with no history 
of Cry3Bb1 selection (Reinders et al. 2018). Like many biological phenomena, there is 
probably no single explanation that could account for the observed distribution of 
resistance to Cry3Bb1 in the landscape; instead, it is likely influenced by a combination 
of independent evolution and allele movement among fields. In our experiment, focal 
fields had grown more Cry3 corn in the past six years compared to surrounding fields, but 
levels of resistance in the two field types did not differ (Table 4, Table 6). One plausible 
explanation for this observation is that resistant rootworm moved from focal fields, where 
selection for resistance to Cry3Bb1 had been the most intense, into the surrounding 
landscape. This does not preclude that populations outside of focal fields were 
undergoing their own bouts of selection, but movement from focal fields would serve to 
bolster and homogenize resistance in the surrounding landscape (Martinez and Caprio 
48 
2016, Storer et al. 2003). This would explain why, in our experiment, previous 
management among focal fields and surrounding fields differed but rootworm resistance 
to Cry3Bb1 did not (Table 4, Fig. 6).  
The proportion of Cry3 corn that had been grown in the past was an important 
management metric in our study, as it was positively correlated with both rootworm 
abundance and root injury (Table 7). This result agrees with our knowledge of rootworm 
biology. Resistance to Cry3 is widespread in Iowa, and resistant populations may have 
high survival and impose high levels of injury to Cry3 corn (Gassmann et al. 2012, 
Shrestha et al. 2018a). Interestingly, focal fields had grown more Cry3 corn in the past 
compared to surrounding fields (Table 6). This would suggest that abundance and injury 
would be higher in focal fields compared to surrounding fields, but we found that the two 
field types were equivalent (Table 1). A possible explanation for the lack of a difference 
may be that surrounding fields had grown more non-Bt corn in the past (Table 6), 
creating a favorable habitat for rootworm, thus equalizing abundance and root injury 
between the field types. Notably, rootworm presence was low overall during this study. 
Adult abundance in most fields was below the economic threshold calculated by Dunbar 
and Gassmann (2013), and we found that injury to refuge (non-Bt) plants did not 
significantly differ from Bt plants (Table 2). Thus, the influence of some aspects of field 
management on rootworm abundance and root injury in this study may have been 
obscured by low rootworm prevalence.   
The lack of a difference in root injury between Bt and non-Bt plants suggests that 
many farmers did not derive an economic benefit from planting Bt corn (Dun et al. 2010, 
Tinsley et al. 2013). Even though there was no economic advantage to planting Bt when 
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rootworm populations were low, these fields were still exerting selection pressure for Bt 
resistance in rootworm that were present in the field. Such a situation is undesirable from 
both an economic and resistance management perspective (Tabashnik and Gould 2012), 
and illustrates that planting Bt corn may be most economically beneficial in years when 
rootworm presence is high. 
As demonstrated here and elsewhere, resistance to Cry3Bb1 is now widespread 
throughout Iowa (Shrestha et al. 2018b). The first cases of resistance to Cry3Bb1 
occurred in 2009 (Gassmann et al. 2011), and our study was conducted from 2015 to 
2017, a maximum of six years between initial known resistance and practical ubiquity in 
eastern Iowa. Our results demonstrate that resistance allele movement has likely occurred 
between fields with a history of injury to Cry3 corn and fields in the surrounding 
landscape during that period of time. However, the relative importance of the 
independent evolution of resistance compared to dispersal remains unclear. A model 
developed by Sisterson et al. (2005) showed that Bt resistance can develop rapidly when 
resistance is non-recessive, irrespective of movement rate among fields. This may be of 
relevance to western corn rootworm, which exhibits non-recessive inheritance of 
resistance alleles (Paolino and Gassmann 2017). Thus, further research in this area may 
be necessary to fully elucidate the relationship between Bt resistance and movement in 
the landscape by western corn rootworm. Additionally, understanding the dynamic of 
resistance and movement will serve to clarify the relevant spatial scale for approaches of 
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Tables and Figures 
Table 1. Mixed-model analysis of variance for abundance and root injury. 
Response Effect c DF F P 
 Rootworm 
abundance a 
Field Type  1, 43 0.55 0.46 
Year  2, 43 0.23 0.79 
Year x Type 2, 43 0.26 0.77 
Root injury b 
Field Type 1, 60 1.39 0.24 
Year 2, 60 1.34 0.27 
Year x Type 2, 60 0.26 0.77 
a Random term retained in the model was location: χ2=0.8; DF=1; P=0.18. 
b No random terms were retained in the model.  




Table 2. Comparison of root injury scores on Bt and non-Bt (refuge) plants. 
Year Field a Bt Root Injury ± SE (N) b Non-Bt Root Injury ± SE (N) b 
2015 
1a 0.03 ± 0.01 (9) 0.02 ± NA (1) 
1b 0.04 ± 0.009 (9) 0.05 ± NA (1) 
1c 0.11 ± 0.05 (9) 0.1 ± NA (1) 
3 0.11 ± 0.043 (8) 0.325 ± 0.05 (2) 
4 0.04 ± 0.005 (9) 0.02 ± NA (1) 
2016 
8 0.04 ± 0.011 (9) 0.0 ± NA (1) 
9c 0.04 ± 0.01 (9) 0.0 ± NA (1) 
11c 0.03 ± 0.01 (9) 0.02 ± NA (1) 
11d 0.05 ± 0.029 (7) 0.007 ± 0.005 (3) 
2017 
12 0.01 ± 0.003 (9) 0.10 ± NA (1) 
13c 0.05 ± 0.01 (9) 0.02 ± NA (1) 
14 0.02 ± 0.003 (9) 0.02 ± NA (1) 
14a 0.02 ± 0.003 (9) 0.02 ± NA (1) 
15b 0.05 ± 0.01 (9) 0.05 ± NA (1) 
15c 0.06 ± 0.02 (9) 0.10 ± NA (1) 
17a 0.02 ± 0.003 (8) 0.01 ± 0.0007 (2) 
19 0.004 ± 0.003 (9) 0.0 ± NA (1) 
Mean ± SE 0.04 ± 0.007 (149) 0.05± 0.02 (21) 
a Fields with numbers only are focal fields, and numbers with letters indicate surrounding 
fields. Bt traits present in fields were: Cry3Bb1 (4, 8, 14, 14a), and Cry3Bb1 + 
Cry34/35Ab1 (1a, 1b, 1c, 3, 9c, 11c, 11d, 12, 13c, 15b, 15c, 17a, 19).  
b Mean injury did not differ between Bt and non-Bt plants: T16 = 0.56, P = 0.59). 
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Table 3. Analysis of variance for survival and corrected survival in plant-based bioassays 
in each year. 
  Survival  Corrected Survival 
Year Effect DF F P  DF F P 
2015 
Population a 8, 169 14.98 <0.0001  8, 84 6.03 <0.0001 
Corn type d 1, 169 44.42 <0.0001  - - - 
Pop. × Corn type 8, 169 1.84 0.07  - - - 
2016 
Population b 10, 314 8.38 <0.0001  10, 167 9.96 <0.0001 
Corn type 1, 314 51.74 <0.0001  - - - 
Pop. × Corn type 10, 314 7.75 <0.0001  - - - 
2017 
Population c 6, 203 26.55 <0.0001  6, 102 20.55 <0.0001 
Corn type 1, 203 115.17 <0.0001  - - - 
Pop. × Corn type 6, 203 10.8 <0.0001  - - - 
a 2015 populations: 4 control, 2 focal fields, 3 surrounding fields 
b 2016 populations: 5 control replicates, 2 focal fields, 4 surrounding fields 
c 2017 populations: 4 control replicates, 3 surrounding fields 




Table 4. Analysis of variance for corrected survival in bioassays. 
Effect a DF F P 
Field Type  1, 204 0.07 0.79 
Year  2, 204 4.29 0.01 
Field Type × Year 1, 204 0.01 0.93 




Table 5. Chi-square analysis of field management tactics in the year a field was sampled.  
Field History Metrica Focal Fieldsb Surr. Fieldsb DF χ2 P 
Non-Bt corn planted 0.15 0.26 1 0.98 0.32 
Cry3 corn planted 0.25 0.09 1 3.15 0.08 
Cry34/35Ab1 corn planted 0.00 0.07 1 1.37 0.24 
Cry34/35Ab1 + Cry3 corn planted 0.60 0.59 1 0.01 0.92 
Soil insecticide  0.25 0.30 1 0.20 0.65 
a Metrics are present or absent for the year the field was sampled. Absent=0, Present=1. 
For field categories, focal field=0, surrounding field=1. 







Table 6. Mixed model analysis of variance and means of field history metrics of focal fields and surrounding fields from the 
past six years of management. 
Field History Metric a Focal Fields b Surr. Fields b DF F P 
Years cont. corn c 5.05 ± 0.99 (20) 4.87 ± 0.65 (46)  1, 45 0.30 0.59 
Proportion corn d 0.83 ± 0.03 (20) 0.78 ± 0.03 (46)  1, 36 1.79 0.19 
Proportion S.I. use  e 0.26 ± 0.07 (18) 0.22 ± 0.06 (37)  1, 35 0.83 0.37 
Proportion non-Bt f 0.09 ± 0.03 (15) 0.25 ± 0.05 (34)  1, 31 4.50 0.04 
Proportion Cry3Bb1 or mCry3A g 0.29 ± 0.07 (14) 0.11 ± 0.04 (33)  1, 30 9.58 0.004 
Proportion Cry34/35Ab1 h 0.01 ± 0.01 (14) 0.02 ± 0.01 (33) 1, 30 0.88 0.36 
Proportion Cry34/35Ab1 + Cry3 i 0.61 ± 0.08 (14) 0.62 ± 0.07 (33) 1, 30 0.02 0.90 
Proportion SI on Bt j 0.24 ± 0.08 (16) 0.20 ± 0.06 (34) 1, 32 1.05 0.31 
Proportion SI on non-Bt k 0.01 ± 0.01 (17) 0.03 ± 0.02 (37)  1, 35 0.58 0.45 
a Field history metrics are proportions of years taken from the most recent 6 years. 
b Mean ± SE (N) 
c Random factor: Location χ2=2.3, DF=1, P=0.06. 
d Random factor: Location χ2=0.0, DF=1, P=0.00;  Location × Field type χ2=1.9, DF=1, P=0.08. 
e Random factor: Location χ2=7.4, DF=1, P=0.003. 
f Random factor: Location χ2=3.1, DF=1, P=0.04. 
g Random factor: Location χ2=6.7, DF=1, P=0.005. 
h Random factor: Location χ2=9.5, DF=1, P=0.002. 
i Random factor: Location χ2=6.5, DF=1, P=0.005. 
j Random factor: Location χ2=7.0, DF=1, P=0.004. 














Non-Bt corn (year of sampling) a -0.46 0.25 3.35 0.07 0.27 
Proportion S.I. use with Bt b d -0.50 0.30 2.75 0.10  
Proportion Cry3 c 1.54 0.44 12.30 0.0011  
(Intercept) 0.57 0.14 16.92 0.0002  
Root injury                         
(square root) 
Proportion S.I. use with Bt b d -0.10 0.07 2.04 0.15 0.24 
Proportion Cry3 c 0.37 0.10 13.65 0.001  
(Intercept) 0.21 0.03 47.96 <0.0001   
a Use of non-Bt corn in the year the field was sampled (0=no, 1=yes). 
b Proportion of years soil insecticide was used out of the most recent six years. 
c Proportion of years Cry3Bb1 or mCry3A were grown out of the most recent six years. 
d Variable was collinear with proportion of years soil insecticide was used on Bt corn and soil insecticide use in the years of 




Figure 1. A) Map of Iowa, USA showing focal field locations and B) inset of 
northeastern Iowa showing populations assayed for resistance to Cry3Bb1. For A) Map 
of Iowa, each field had experienced greater-than expected injury to Cry3Bb1 or mCry3A 
corn (> 1 node, NIS) between 2009 and 2013. Mean number of surrounding fields per 
focal field was 2.3. Field locations are accurate to the county level. For B) inset of 
northeastern Iowa, fields with numbers only are focal fields, and fields with letters are 
surrounding fields associated with a focal field of the same number. Red squares indicate 
that the population experienced no difference in survival between non-Bt and Cry3Bb1 
corn and no developmental delay. Yellow squares indicate that the population 
experienced either a difference in survival between the corn types, or a developmental 
delay on Cry3Bb1 corn, but not both. Blue squares indicate that the population showed a 
difference in survival and experienced a developmental delay on Cry3Bb1. See Figs. 4 




Figure 2. A) Mean rootworm abundance for focal fields and surrounding fields, and B) 
mean root injury for focal fields and surrounding fields. Bar heights represent sample 





Figure 3. A) Abundance of western corn rootworm and distance from focal fields and B) 
root injury and distance from focal fields. Rootworm abundance was not significantly 
correlated with distance from focal field in a Pearson’s correlation (r66 = 0.16, DF = 66, P 
= 0.20). Root injury was not significantly correlated with distance in a Pearson’s 





Figure 4. Proportion survival in single-plant bioassays on Cry3Bb1 corn and its non-Bt 
genetic isoline. A) 2015, B) 2016, and C) 2017. Bar heights represent sample means and 
error bars are standard error of the mean. For 2015, control populations were four 
diapausing lab strains that had never been exposed to Bt. For 2016 and 2017, control 
populations were replicates of Control 3 in 2015. Populations with a number only 
originated from focal fields, and populations with a number and a letter originated from 
surrounding fields. Bars with an asterisk were significantly different from controls on the 
same corn type (e.g., an asterisk above a black bar indicates a difference between survival 
on Cry3Bb1 corn in the field population compared to the controls). Sig. indicates a 
significant difference in survival between the two corn types within the same population, 





Figure. 5. Proportion of third instar larvae in single-plant bioassays on Cry3Bb1 corn and 
its non-Bt genetic isoline. A) 2015, B) 2016, and C) 2017. Bars heights represent sample 
means and error bars are standard error of the mean. Sig. indicates a significant difference 
in the proportion of third instar larvae between the two corn types within the same 
population, and NS indicates that no significant difference in the number of third instar 




Figure 6. Corrected survival for all populations assayed. Bar heights are means and error 
bars are standard error of the mean. A) 2015, B) 2016, and C) 2017. Asterisks indicate 
that corrected survival in the population was significantly higher than the controls in the 
year the assay was conducted. For 2015, control populations were four diapausing lab 
strains that had never been exposed to Bt. For 2016 and 2017, control populations were 
replicates of Control 3 in 2015. Populations with a number only originated from focal 







Supplemental Table 1. Field cropping history for fields sampled in 2015. 
Year Field1 1 1a 1b 1c 1d 24 3 4 4a 4b 4c 
2015 
Crop2 Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin3 5 4 4 4 4 0 4 1 0 5 4 
Soil None None None None None None None Yes Yes Yes Yes 
2014 
Crop Corn Corn Corn Corn Corn Soy Corn Soy Soy Corn Corn 
Bt toxin 5 4 4 4 4 . 4 . . 4 3 
Soil None None None None None . None . . Yes Yes 
2013 
Crop Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin 5 0 0 4 4 Uk 4 5 5 0 5 
Soil None None None None None Uk None Yes Yes None Yes 
2012 
Crop Corn Soy Soy Corn Corn Corn Corn Corn Corn Soy Corn 
Bt toxin 5 . . 4 4 Uk 1 3 3 . 4 
Soil None . . None None Uk None Yes Yes . Yes 
2011 
Crop Corn Corn Corn Corn Corn Soy Corn Corn Corn Corn Corn 
Bt toxin 0 4 4 4 4 . Uk Uk Uk 4 4 
Soil None None None None None . None Yes Yes None Yes 
2010 
Crop Soy Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin . 4 4 4 4 Uk Uk Uk Uk Uk 4 
Soil . None None None None Uk None Yes Yes None Yes 
1Fields with numbers only are focal fields, and fields with a number and a letter are surrounding fields associated with the focal field number (e.g., Field 1 is a focal field, 
and Fields 1a, 1b, 1c, and 1d are its associated surrounding fields). 
2Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = mCry3A+Cry34/35Ab1; 
Uk = Unknown. 





Supplemental Table 1 Continued 
Year Field1 4d4 54 5a4 5b 5c4 5d 
2015 
Crop2 Corn Corn Corn Corn Corn Corn 
Bt toxin3 4 0 0 4 4 4 
Soil Yes Yes Yes Yes None Yes 
2014 
Crop Corn Corn Corn Corn Corn Corn 
Bt toxin Uk Uk Uk 4 Uk 4 
Soil Uk Uk Uk Yes None Yes 
2013 
Crop Corn Corn Corn Corn Corn Corn 
Bt toxin Uk Uk Uk 4 Uk 4 
Soil Uk Uk Uk Yes None Yes 
2012 
Crop Corn Corn Corn Corn Corn Corn 
Bt toxin Uk Uk Uk 4 Uk 4 
Soil Uk Uk Uk None None None 
2011 
Crop Corn Corn Corn Corn Corn Corn 
Bt toxin Uk Uk Uk 4 Uk 4 
Soil Uk Uk Uk None None None 
2010 
Crop Corn Soy Corn Corn Corn Corn 
Bt toxin Uk . Uk 4 Uk 4 
Soil Uk . Uk None None None 
1Fields with numbers only are focal fields, and fields with a number and a letter are surrounding fields associated with the focal field number (e.g., Field 
1 is a focal field, and Fields 1a, 1b, 1c, and 1d are its associated surrounding fields). 
2Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = 
mCry3A+Cry34/35Ab1; Uk = Unknown. 





Supplemental Table 2. Field cropping history for fields sampled in 2016. 
Year Field1 6 6a4 6b 6c 7 7a 7b 7c 84 8a4 9 
2016 
Crop2 Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin3 4 2 4 5 4 2 0 5 1 3 1 
Soil None None Yes None Yes Yes Yes None None None None 
2015 
Crop Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin 4 Uk 4 2 4 4 4 5 Bt-Uk Bt-Uk 0 
Soil None None Yes None Yes Yes Yes None None None None 
2014 
Crop Corn Alfa Corn Corn Corn Corn Corn Soy Corn Corn Corn 
Bt toxin 3 . 0 4 4 4 4 . 0 0 1 
Soil None . None None Yes Yes Yes . None None None 
2013 
Crop Corn Alfa Alfa Corn Soy Corn Corn Corn Soy Soy Corn 
Bt toxin Uk . . 0 . 4 4 5 . . 4 
Soil None . . None . Yes Yes None . . Yes 
2012 
Crop Corn Alfa Alfa Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin Uk . . 4 1 1 1 5 Bt-Uk Bt-Uk 1 
Soil None . . None None None None None None None None 
2011 
Crop Corn Alfa Alfa Corn Corn Soy Soy Corn Corn Corn Corn 
Bt toxin Uk . . 0 Uk . . 5 Bt-Uk Bt-Uk 1 
Soil Yes . . None None . . None None None None 
1Fields with numbers only are focal fields, and fields with a number and a letter are surrounding fields associated with the focal field number (e.g., Field 
1 is a focal field, and Fields 1a, 1b, 1c, and 1d are its associated surrounding fields). 
2Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = 
mCry3A+Cry34/35Ab1; Uk = Unknown. 





Supplemental Table 2 Continued 
Year Field1 9a 9b 9c 10 10a 11 11a 11b4 11c4 11d4 
2016 
Crop2 Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin3 0 3 4 1 4 4 4 1 4 4 
Soil None Yes None None None None None None None None 
2015 
Crop Soy Corn Corn Corn Soy Corn Corn Soy Corn Soy 
Bt toxin . 3 4 4 . 4 4 . Uk . 
Soil . Yes None Yes . None None . Uk . 
2014 
Crop Corn Corn Soy Corn Corn Corn Corn Corn Corn Corn 
Bt toxin 3 3 . 4 4 4 4 Uk Uk Uk 
Soil None None . None None None None Uk Uk Uk 
2013 
Crop Soy Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin . 3 Uk 4 4 4 Uk Uk Uk Uk 
Soil . None Uk None None None None Uk Uk Uk 
2012 
Crop Corn Corn Soy Corn Corn Corn Corn Soy Corn Corn 
Bt toxin 3 3 . 4 4 4 Uk . Uk Uk 
Soil None None . None None None None . Uk Uk 
2011 
Crop Soy Soy Corn Corn Soy Corn Corn Corn Corn Soy 
Bt toxin . . Uk 1 . 4 Uk Uk Uk . 
Soil . . Uk None . None None Uk Uk . 
1Fields with numbers only are focal fields, and fields with a number and a letter are surrounding fields associated with the focal field number (e.g., Field 
1 is a focal field, and Fields 1a, 1b, 1c, and 1d are its associated surrounding fields). 
2Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = 
mCry3A+Cry34/35Ab1; Uk = Unknown. 





Supplemental Table 3. Field cropping history for fields sampled in 2017. 
Year Field1 12 12a 12b 13 13a4 13b 13c 144 14a4 14b 14c 
2017 
Crop2 Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin3 4 0 0 5 0 0 4 1 1 0 4 
Soil Yes None Yes Yes None None None None None None None 
2016 
Crop Corn Soy Soy Corn Soy Soy Corn Soy Soy Soy Corn 
Bt toxin 0 . . 3 . . 0 . . . 4 
Soil Yes . . Yes . . None . . . None 
2015 
Crop Soy Corn Corn Corn Corn Corn Soy Corn Corn Corn Corn 
Bt toxin . 0 0 3 3 4 . Uk Uk 0 4 
Soil . None Yes Yes Uk None . None None None None 
2014 
Crop Corn Soy Corn Corn Soy Corn Corn Soy Soy Soy Corn 
Bt toxin 4 . 0 3 . 0 4 . . . 4 
Soil None . Yes Yes . None None . . . None 
2013 
Crop Corn Corn Soy Corn Corn Soy Corn Corn Corn Corn Soy 
Bt toxin 1 0 . 3 Uk . 0 Uk Uk Uk . 
Soil None None . Yes Uk . None None None None . 
2012 
Crop Corn Soy Corn Corn Soy Corn Soy Soy Soy Corn Corn 
Bt toxin 1 . 0 0 . 4 . . . Uk 4 
Soil None . None None . None . . . None None 
1Fields with numbers only are focal fields, and fields with a number and a letter are surrounding fields associated with the focal field number (e.g., Field 
1 is a focal field, and Fields 1a, 1b, 1c, and 1d are its associated surrounding fields). 
2Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = 
mCry3A+Cry34/35Ab1; Uk = Unknown. 





Supplemental Table 3 Continued 
Year Field1 15 15a 15b 15c 16 16a 17 17a 184 18a4 18b4 
2017 
Crop2 Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin3 4 4 4 4 4 4 4 4 4 5 2 
Soil None None None Yes None None None None None None None 
2016 
Crop Corn Corn Soy Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin 4 0 . 4 4 0 4 4 Uk Uk Uk 
Soil None None . Yes Yes None None None None Uk Uk 
2015 
Crop Soy Soy Corn Corn Corn Soy Corn Corn Corn Corn Soy 
Bt toxin . . 4 4 0 . 4 4 Uk Uk . 
Soil . . None Yes None . None None None Uk . 
2014 
Crop Corn Corn Soy Corn Soy Corn Soy Soy Soy Soy Corn 
Bt toxin 4 0 . 4 . 2 . . . . Uk 
Soil Yes None . Yes . None . . . . Uk 
2013 
Crop Corn Soy Corn Corn Corn Corn Soy Soy Corn Corn Corn 
Bt toxin 4 . 4 4 2 Uk . . Uk Uk Uk 
Soil Yes . None Yes Yes None . . Yes Uk Uk 
2012 
Crop Soy Corn Soy Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin . 0 . 4 1 0 4 4 Uk Uk Uk 
Soil . None . Yes None None None None Yes Uk Uk 
1Fields with numbers only are focal fields, and fields with a number and a letter are surrounding fields associated with the focal field number (e.g., Field 
1 is a focal field, and Fields 1a, 1b, 1c, and 1d are its associated surrounding fields). 
2Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = 
mCry3A+Cry34/35Ab1; Uk = Unknown. 





Supplemental Table 3 Continued 
Year Field 18c4 194 19a4 20 20a 20b 
2017 
Crop Corn Corn Corn Corn Corn Corn 
Bt toxin 0 4 0 0 0 4 
Soil None None None None None Yes 
2016 
Crop Corn Corn Soy Soy Soy Corn 
Bt toxin Uk Uk . . . 4 
Soil Uk None . . . None 
2015 
Crop Soy Soy Corn Corn Corn Corn 
Bt toxin . . Uk 4 4 4 
Soil . . None None None None 
2014 
Crop Corn Corn Soy Corn Corn Corn 
Bt toxin Uk Uk . 4 4 4 
Soil Uk None . None None None 
2013 
Crop Corn Corn Corn Soy Soy Corn 
Bt toxin Uk Uk Uk . . 1 
Soil Uk None None . . None 
2012 
Crop Corn Corn Soy Corn Corn Corn 
Bt toxin Uk Uk . 1 1 Uk 
Soil Uk None . None None None 
1Fields with numbers only are focal fields, and fields with a number and a letter are surrounding fields associated with the focal field number (e.g., Field 
1 is a focal field, and Fields 1a, 1b, 1c, and 1d are its associated surrounding fields). 
2Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = 
mCry3A+Cry34/35Ab1; Uk = Unknown. 





Supplemental Table 4. Correlation matrix of potential variables for multiple regression analysis. 
Variable  1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 1 - - - - - - - - - - - - - 
2 -0.22 1 - - - - - - - - - - - - 
3 -0.12 -0.09 1 - - - - - - - - - - - 
4 -0.65 -0.48 -0.26 1 - - - - - - - - - - 
5 0.05 -0.06 0.02 -0.02 1 - - - - - - - - - 
6 -0.29 -0.07 -0.10 0.34 0.26 1 - - - - - - - - 
7 -0.33 -0.04 -0.16 0.38 0.30 0.75 1 - - - - - - - 
8 0.04 -0.02 0.10 -0.06 0.86 0.10 0.25 1 - - - - - - 
9 0.63 -0.14 -0.11 -0.40 -0.11 -0.47 -0.51 -0.10 1 - - - - - 
10 0.13 0.64 0.02 -0.50 0.28 -0.07 0.08 0.32 -0.13 1 - - - - 
11 -0.16 -0.09 0.47 0.05 -0.06 -0.05 0.11 0.02 0.08 -0.08 1 - - - 
12 -0.56 -0.29 -0.01 0.67 -0.11 0.43 0.32 -0.17 -0.71 -0.58 -0.17 1 - - 
13 -0.13 0.09 0.12 0.00 0.80 0.17 0.31 0.94 -0.26 0.33 0.06 -0.06 1 - 
14 0.42 -0.10 -0.05 -0.24 0.37 -0.19 -0.06 0.38 0.41 0.00 -0.08 -0.32 0.03 1 
a Variable numbers are:  
1 Non -Bt corn (year of sampling) 8 Proportion of years soil insecticide was used in 6 years 
2 Cry3 corn (year of sampling) 9 Proportion of years non-Bt corn was grown in 6 years 
3 Cry34/35Ab1 corn (year of sampling) 10 Proportion of years Cry3 corn was grown in 6 years 
4 Pyramided corn (year of sampling) 11 Proportion of years Cry34/35Ab1 was grown in 6 years 
5 Soil insecticide use (year of sampling) 12 Proportion of years pyramided corn was grown in 6 years 
6 Years of continuous corn 13 Proportion of years soil insecticide was used on Bt corn in 6 years 
7 Proportion of years corn grown in 6 years 14 Proportion of years soil insecticide was used on non-Bt corn in 6 years 
 b Variables 5 and 13 were excluded from multiple regression analysis due to collinearity with other variables.
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CHAPTER 3.    COMPARING POPULATIONS OF WESTERN CORN 
ROOTWORM IN REGIONS WITH AND WITHOUT A HISTORY OF INJURY 
TO CRY3 CORN  
Modified from a manuscript to be submitted to PLoS ONE 
Coy R. St. Clair and Aaron J. Gassmann 
Department of Entomology, Iowa State University 
 
Abstract 
Transgenic corn expressing insecticidal proteins derived from the bacterium 
Bacillus thuringiensis (Bt) is an important pest management tool in modern agriculture. 
Western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: 
Chrysomelidae), is an economically important pest that has developed field-evolved 
resistance to all available Bt traits in the midwestern United States. The first Bt trait to be 
commercialized was Cry3Bb1 in 2003, and field-evolve resistance appeared in 2009. 
Understanding rootworm populations, resistance to Cry3Bb1, and regional management 
approaches may aid in identifying how and where resistance is most likely to evolve. In 
this study, we examined fields in counties where greater-than-expected injury to Cry3 
(Cry3Bb1 or mCry3A) corn roots (>1 node) had previously been reported (problem 
counties) and fields where injury had not been reported (non-problem counties). One 
county of each type was sampled in 2015, 2016, and 2017 to quantify rootworm 
abundance, root injury, and resistance to Cry3Bb1 corn. Data were collected on 
rootworm management strategies in each field, including years of corn grown, Bt use, 
and soil insecticide use. Rootworm abundance, root injury, and resistance to Cry3Bb1 did 
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not differ between county types. Management tactics differed between the county types, 
with problem county fields growing more corn, using soil insecticide more often, and 
being more likely to grow Cry34/35Ab1 corn. Our results suggest that rootworm 
populations are similar between problem and non-problem counties in Iowa due to 
similar levels of selection pressure on Cry3 corn, but problem county fields have adopted 
more aggressive management tactics due to previous rootworm issues in the area.  
 




Western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: 
Chrysomelidae), is an economically important pest of corn in the United States. Injury to 
corn primarily occurs when larvae feed on root tissue, which can result in a reduction in 
the ability of the corn plant to take up water and nutrients (Kahler et al. 1985, Godfrey et 
al. 1993). Plants may lodge when injury is severe, reducing yield by interfering with 
mechanical harvest (Riedell 1990, Spike and Tollefson 1991). The lifecycle of this pest is 
tightly linked to corn; eggs overwinter in cornfields, and larvae feed on corn root tissue that 
is present upon hatching the following spring (Chiang 1973, Spencer et al. 2009). Thus, 
fields where corn is grown for multiple consecutive years provide ideal habitat for this pest. 
Management of western corn rootworm has historically included rotation to a 
non-host crop, such as soybean, and the use of soil insecticides at planting (Meinke et al. 
2009). More recently, transgenic corn producing insecticidal proteins derived from the 
bacterium Bacillus thuringiensis (Bt) has become an important management tool for 
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farmers in the midwestern United States. The first Bt trait targeting rootworm, Cry3Bb1, 
was introduced in 2003 (U.S. EPA 2003). There are currently four traits available for 
rootworm management either singly or as a pyramid of two toxins (Cry3Bb1, mCry3A, 
Cry34/35Ab1, and eCry3.1Ab) (Gassmann 2016). However, field-evolved resistance by 
western corn rootworm has been documented for all four toxins (Gassmann et al. 2011, 
2014, 2019, Jakka et al. 2016). 
The primary method by which farmers attempt to delay the development of 
resistance to Bt crops is the refuge strategy. This strategy relies on the planting of non-Bt 
plants in addition to Bt plants in a field. When the relatively rare individuals that survive 
on Bt plants mate with the Bt-susceptible individuals originating from non-Bt plants, the 
offspring are heterozygous for resistance to Bt (Gould 1998). Several factors increase the 
ability of this strategy to effectively delay resistance. These include a Bt dose that is 
sufficient to render the resistance trait functionally recessive (“high dose”), a low initial 
resistance allele frequency in the population, and the presence of fitness costs associated 
with resistance (i.e., when resistant individuals experience lower fitness in the absence of 
Bt than susceptible individuals) (Carrière and Tabashnik 2001, Tabashnik et al. 2008, 
Gassmann et al. 2009, Carrière et al. 2010). None of the current Bt toxins meet the “high 
dose” threshold for western corn rootworm (Gassmann 2016). Fitness costs in this species 
are often minor, and have not been detected in some populations (Hoffmann et al. 2015, 
Ingber and Gassmann 2015, Paolino and Gassmann 2017). These characteristics make 
western corn rootworm particularly capable of evolving resistance to Bt in spite of the 
refuge strategy. The first cases of field-evolved resistance to Cry3Bb1 corn occurred in 
2009, only six years after the initial commercialization of this trait (Gassmann et al. 2011). 
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An important factor in the evolution of resistance to Bt is the intensity of selection 
pressure, in this case associated with the continuous planting of Cry3Bb1 corn 
(Gassmann 2016). The number of years a field had been planted to Cry3Bb1 was shown 
to be correlated with levels of resistance to this trait (Gassmann et al. 2011). As Iowa had 
the highest farmer adoption rates of Bt corn of any Midwestern state between 2003 and 
2008, areas of the state with intensive corn production would have exerted strong 
selection pressure for resistance (Scandizzo and Savastano 2010). The earliest cases of 
Cry3Bb1 resistance occurred in northeastern Iowa in 2009, an area of high corn 
cultivation (Gassmann et al. 2011). In the following year, 2010, several more fields 
exhibited injury to Cry3 corn and commensurate resistance levels by rootworm 
populations, and these fields were located in the northeast and northwest areas of Iowa 
(Gassmann et al. 2012). The locations of Cry3Bb1-resistant populations appear to 
broaden geographically between 2010 and 2013, with a few populations found in the 
southern half of the state (Dunbar et al. 2016, Gassmann et al. 2014, Jakka et al. 2016). 
In the current study, our goal was to understand differences in rootworm 
populations and management strategies on a regional scale. Understanding regional 
management approaches may be especially informative for understanding what drives 
resistance in areas around the state. Other work has suggested that considering 
management tactics on a county-level scale may be useful for this reason (O'Rourke et al. 
2011, Martinez and Caprio 2016). We examined fields in counties where injury to 
Cry3Bb1 corn by western corn rootworm had previously been reported, where resistance 
to Cry3Bb1 had also been confirmed (“problem counties”), and compared them to fields 
in counties where similar issues had not been reported in previous peer-reviewed 
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publications (“non-problem counties”). We hypothesized that fields in problem counties 
would have higher root injury to corn, higher abundance of western corn rootworm, and 
higher levels of resistance to Cry3Bb1 corn compared to non-problem counties. We also 
hypothesized that problem county fields would have different management strategies for 
rootworm than fields in non-problem counties.    
 
Methods 
County and field selection 
Counties in Iowa, USA, were selected based on the presence or absence of fields 
where greater-than-expected injury (>1 node of injury [U.S. EPA 2011]) to Cry3Bb1 corn 
had been previously reported. “Problem counties” were chosen haphazardly from the 
pool of counties where injury had been reported, primarily located in northeastern Iowa. 
“Non-problem counties” were chosen from counties in the central and southern areas of 
Iowa, where resistance issues had not been documented in previously published studies 
(Gassmann et al. 2011, 2012, 2014, 2016; Dunbar et al. 2016; Jakka et al. 2016). In 
problem counties, where injury to Cry3Bb1 corn had occurred, resistance to Cry3Bb1 had 
also been confirmed (see Dunbar et al. 2016, Gassmann et al. 2011, 2014). One problem 
county and one non-problem county were sampled in 2015, 2016, and 2017 (Fig. 1). 
Number of fields in problem counties were N=6 (2015; Delaware County), N=8 (2016; 
Winneshiek County), and N=6 (2017; Fayette County). Number of fields in non-problem 
counties were N=4 (2015; Taylor County), N=6 (2016; Jasper County), and N=7 (2017; 
Greene County). Fields studied in both problem and non-problem counties were 
identified by regional agronomists and local cooperators. The criterion for field selection 
was that the field was planted to corn in the year of sampling; previous cropping history 
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or injury to corn were not considered. None of the fields of this study were sampled in 
Gassmann et al. 2011, 2012, 2014, 2016, Dunbar et al. 2016, or Jakka et al. 2016. 
 
Adult rootworm abundance and root injury 
Abundance of western corn rootworm in all fields was measured by placing 10 
unbaited yellow sticky traps (Pherocon, Trécé Inc., Adair, OK) in each field. Traps were 
placed on plants at ear-level, in two parallel transects of five traps each (Dunbar et al. 
2016). Individual traps were 30 m apart, with approximately 15 m between transect. All 
traps were placed a minimum of 30 m from any field border. Three sampling periods 
were conducted for each field, which ranged from 6 to 14 d (mean ± sd = 7.84 ± 1.85). 
Sampling periods began 21 July in 2015, 25 July in 2016, and 24 July in 2017. 
Root injury for all fields was assessed by digging roots of corn plants and rating 
on a 0-3 node injury scale (Oleson et al. 2005). Ten roots were taken from rows adjacent 
to where the sticky traps were placed, and were washed and rated within 48 h. A sample 
of leaf tissue was taken from each plant and used to determine the presence and identity 
of Bt proteins targeting western corn rootworm using an ELISA-based test kit 
(Envirologix Inc., Portland, ME). 
 
Single-plant bioassays 
Live adult rootworm were collected from fields using a manual aspirator 
(BioQuip Products Inc., Rancho Dominguez, CA). For all years, the mean number of 
adults collected per field was 70 ± 136.7 (mean ± sd), ranging from 0 to 607. At least one 
adult rootworm was collected from six non-problem county fields, and 10 problem 
county fields. After transporting to the laboratory, rootworm from individual fields were 
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placed in their own 18 × 18 × 18 cm plastic insect cages (MegaView Science Co. Ltd., 
Taichung, Taiwan) in an environmental chamber (I41-LL, Percival Scientific, Perry, IA) 
at 16:8h L:D cycle, 25° C, 65% RH. Each population was supplied with a corn leaf, Petri 
dish with a complete adult diet (Frontier Agricultural Sciences, Newark, DE), and a water 
source of 1.5% agar solid (Thermo Fisher Scientific Inc., Waltham, MA), all of which 
were changed three times weekly. In addition, a Petri dish of oviposition substrate (soil 
sieved to particle size <180 µm) was also provided for collection of eggs. These were 
collected and replaced once per week until all adults were dead. For all fields, mean 
number of eggs produced was 1818.9 ± 4190.6 (mean ± sd), and ranged from 0 to 22,000.  
Upon collection from the cages, oviposition dish substrate was covered with soil 
and the Petri dish lid, and held in the environmental chamber for two weeks. After that 
time, eggs were washed from the substrate and placed in soil, and then put into cold 
storage (4° C) for at least five months to break diapause. After that time, eggs were 
removed and placed in a dark environmental chamber at 25° C until hatch (approximately 
two weeks). Upon hatching, larvae were used in 17d single-plant bioassays following 
Gassmann et al. (2014). 
Bioassays consisted of two corn types: Cry3Bb1 corn (DKC 43-48) and its non-Bt 
genetic isoline (DKC 43-46). Plants were grown to the V4-V5 growth stage (Abendroth 
et al. 2011) in 0.95 L plastic cups (Placon, Madison, WI), and there were 12 replicates of 
each corn type for each population tested. Twelve neonate larvae (>24 h old) were added 
to each plant by placing them gently with a paintbrush on exposed root tissue. Plants 
were then cut to approximately 20 cm in order to fit in environmental chambers, with 
leaves trimmed to approximately 10 cm. An adhesive was applied to the inside rim of the 
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cups to prevent larvae from escaping (Tanglefoot Insect Barrier, The Ortho Group, 
Marysville, OH). The plants were placed in environmental chambers (24°C, 16:8h L:D, 
65% R.H). Cups were examined three times weekly and 50 mL deionized water was 
added if the soil surface was dry. 
Larvae were allowed to feed undisturbed for 17 d, after which time the 
aboveground plant tissue was removed and the contents of the cups were placed on 
Berlese funnels for four days. Larvae were collected in vials filled with 85% ethanol and 
counted using a dissecting microscope (MZ6, Leica, Microsystems, Wetzlar, Germany). 
Head capsule width was measured using a microscope camera and imaging software 
(Moticam 2500, Motic Images Plus 3.0; Motic North America, Richmond, British 
Columbia, Canada), and this measurement was used to determine larval instar following 
Hammack et al. (2003). 
Bioassays began (i.e., larvae were added to plants) 19 April, 2016 for field 
populations collected in 2015, and the last vials were collected from Berlese funnels on 9 
May, 2016. For 2016 populations, bioassays began 8 May, 2017, and ended 11 June. For 
2017 populations, bioassays began 23 April, 2018, and ended 10 June. Bioassays were 
conducted weekly, with either one or two populations assayed simultaneously with a 
susceptible, diapausing control population. Identical procedures were used for controls as 
field populations. In total, seven control replicates were assayed, each with 12 non-Bt and 
12 Bt plants, with each plant receiving 12 larvae. The control population used in 2016 
was a Bt-susceptible, diapausing strain obtained from the United States Department of 
Agriculture, Agricultural Research Service (USDA-ARS), North Central Agricultural 
Research Laboratory in Brookings, South Dakota. This population was originally 
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collected in Butler County, NE in 1999. In 2017 and 2018, all controls were multiple 
replicates of a single Bt-susceptible, diapausing population also obtained from USDA-
ARS, which had been collected in Moody County, SD, in 1986. Both strains of rootworm 
were brought into laboratory culture prior to 2003, the year Bt corn was commercialized for 
rootworm management, and were never exposed to Bt corn in the laboratory. 
Bioassay data for a rootworm population from a specific field were excluded from 
analysis if less than five plants of each corn type were assayed. Populations from 10 fields 
produced sufficient replication in bioassays (one problem-county field from 2015; two 
problem-county fields and one non-problem-county field from 2016; two problem-county 
and four non-problem-county fields from 2017). The number of adults collected from the 
field populations used in bioassays ranged from 33 – 607, with a mean of 248.8 ± 157.7 
(mean ± sd). Eggs produced from these populations ranged from 400 – 22,000, with a mean 
of 6370 ± 5977 (mean ± sd). Adults were collected from six fields that did not produce 
enough replication for analysis. Adult numbers in these fields ranged from 2 – 68 (17.7 ± 
23.2 [mean ± sd]), with corresponding egg numbers of 0 – 3000 (600 ± 1077 [mean ± sd]).  
 
Field management history 
Field management history was obtained from farmers and cooperators, which 
included Bt traits used (Cry3Bb1, mCry3A, eCry3.1Ab, Cry34/35Ab1, or a pyramid of 
multiple toxins) and soil insecticide use for a total of six years (the year of sampling and 
five previous years). In some cases, data on field history could not be obtained. The mean 
number of years for which Bt use could be obtained was 4.6 ± 1.7 (mean ± sd), and for soil 
insecticide use, the mean number of years was 5.1 ± 2.1 (mean ± sd) (Supp. Tables 1-3). 
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The total number of years that corn had been grown consecutively in each field was 
calculated using CropScape Data Layer (National Agricultural Statistics Service, United 
States Department of Agriculture; available at: https://nassgeodata.gmu.edu/CropScape) 
from 2003, the year Bt corn was first introduced for rootworm management. Using the 
information obtained from Cropscape Data Layer and the field management histories, the 
following metrics were calculated for each field: 1) the total number of years of 
continuous corn, 2) the proportion of years the field was planted to corn in the last six 
years (e.g., if a field had been corn for any three of the past six years, the proportion 
would be 0.5), 3) the proportion of years soil insecticide had been used on corn out of the 
previous six years (e.g., if the field had been planted to corn for four of the last six years, 
and soil insecticide had been used for two of those years, the proportion would be 0.5), 4) 
the proportion of years non-Bt corn was planted out of the previous six years 5) the 
proportion of years single-trait Cry3 corn was planted (Cry3Bb1 or mCry3A) out of the 
previous six years, 6) the proportion of years single-trait Cry34/35Ab1 corn was planted 
out of the previous six years, 7) the proportion of years pyramided Bt corn was planted in 
the last six years (either Cry34/35Ab1 + Cry3Bb1 or Cry34/35Ab1 + mCry3A), 8) the 
proportion of years soil insecticide was used on Bt corn in the last six years, and 9) 
proportion of years soil insecticide was used on non-Bt corn in the last six years. No 
fields in the experiment had planted any corn hybrids expressing eCry3.1Ab as part of the 
field management history. 
 
Data analysis 
All statistical analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, 
NC, USA). For rootworm abundance, values were calculated as the total number of adults 
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caught/trap/sampling day. The values used in analyses are those of the single sampling 
period for a field when abundance was highest, and thus reflect peak abundance of 
western corn rootworm for the year within each field. To test the hypothesis that root 
injury and rootworm abundance differed between problem counties and non-problem 
counties, one-way analysis of variance was used (PROC GLM), with either root injury or 
abundance as the response, and field type (problem county or non-problem county), year 
of sampling, and field type × year as explanatory variables. Root injury and abundance 
were transformed using a square root transformation to improve normality of the 
residuals. Individual plants which tested negative for Bt traits in a field planted to Bt corn 
(refuge plants) were removed from the analysis of variance. Because refuge plants are 
expected to have greater levels of injury compared to Bt plants, removing these 
observations from the analysis of variance would result in the most accurate estimation of 
injury to Bt corn (mean number of refuge plants per field = 0.43 ± 0.79 [mean ± sd]). 
However, mean injury on Bt and non-Bt (refuge) plants within each field was examined 
using a paired t-test (PROC TTEST). The null hypothesis of this test was that there was 
no difference in mean injury between Bt and refuge plants, and the alternative hypothesis 
was that there was a difference.  
Rootworm survival in plant-based bioassays was analyzed separately by year 
using analysis of variance (PROC GLM) with proportion survival as the response, and 
population, corn type (Cry3Bb1 corn vs non-Bt corn), and their interaction as explanatory 
variables. Proportion survival was transformed by the arcsine of the square root to 
improve normality of the residuals. Linear contrasts (CONTRAST statement) were used 
to compare survival in each field population to all susceptible control replicates from the 
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same year, and this comparison was made for Cry3Bb1 corn and non-Bt corn. In both 
cases, the null hypothesis was that survival was not different between the field population 
and the relevant control population, with the alternative hypothesis that survival was 
significantly different. Significantly higher survival on Cry3Bb1 corn by a field 
population compared to the susceptible control (P=0.05) would indicate resistance to this 
Bt toxin. A difference in survival on non-Bt corn between a field population and the 
control would suggest variation in assay survival not caused by Cry3Bb1 corn.  
Resistance was further characterized by examining survival on Cry3Bb1 corn and 
non-Bt corn within each field population and control replicate. A one-tailed t-test (PROC 
TTEST) was used to test for a lower proportion of survival on Cry3Bb1 corn compared to 
non-Bt corn. A one-tailed test was used because survival would be expected to be lower 
on Cry3Bb1 corn compared to non-Bt corn, but not higher. The null hypothesis was that 
survival did not differ between the two corn types, with the alternative hypothesis that 
survival was lower on Cry3Bb1 corn than on non-Bt corn. A rejection of the null 
hypothesis in this test would indicate incomplete resistance to the Cry3Bb1 toxin. In 
addition to survival, the proportion of third instars (i.e. the number of larvae collected 
from a plant at the end of the assay that reached the third instar stage divided by the total 
number of larvae collected from the plant) was also examined. This metric was likewise 
analyzed using a one-tailed t-test (PROC TTEST), as a lower proportion of third instars 
could be expected on Cry3Bb1 corn compared to non-Bt corn, but not a higher 
proportion. Thus, a one-tailed test provided greater statistical power. The null hypothesis 
was that the proportion of third instars would be equal between the two corn types within 
a field population, indicating a similar rate of development on Cry3Bb1 corn and non-Bt 
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corn. The alternative hypothesis was that the proportion of third instars was lower on 
Cry3Bb1 corn compared to non-Bt corn, suggesting slower development on Cry3Bb1 
corn. A rejection of the null would indicate a lower level of adaptation to Cry3Bb1. 
Proportion of third instars was not analyzed for control populations because survival on 
Cry3Bb1 corn was generally low (mean proportion survival on Cry3Bb1 corn = 0.02 ± 
0.03 [mean ± sd]). Proportion survival and proportion of third instars were transformed 
by the arcsine of the square root to improve normality of the residuals. For all t-tests, 
pooled variances were used when variances were equal in the two groups, and the 
Satterthwaite method was used when variances were unequal. Equality of variances was 
assessed using the folded F-statistic and associated p-value (i.e., variances are unequal 
when P ≤ 0.05) as reported in the output of PROC TTEST. 
To account for variation in survival on non-Bt corn among the populations (see 
Results), a second, complementary, analysis was performed using corrected survival. 
Corrected survival was based on Abbott (1925) and was calculated for each population 
as: proportion of larvae surviving on Cry3Bb1 corn in a replicate ÷ mean proportion 
surviving larvae on non-Bt corn in all replicates of a population (Gassmann et al. 2019)). 
One-way analysis of variance (PROC GLM) was performed for each year, with corrected 
survival as the response variable and population as the explanatory variable. Linear 
contrasts (CONTRAST statement) were used to compare corrected survival in each field 
to the control replicates of the same year. Significantly higher corrected survival in a field 
population compared to control replicates would be indicative of resistance to Cry3Bb1 
corn. An additional test was conducted using analysis of variance (PROC GLM) to test 
for a difference in corrected survival between problem county fields and non-problem 
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county fields, which used corrected survival as the response and field type as a factor in 
the model. Corrected survival was transformed using an arcsine of the square root 
transformation to improve normality of the residuals. 
Field management in the year of sampling was examined using chi-square 
analysis (PROC FREQ) to compare fields in non-problem and problem counties. To 
examine differences in historical field management strategies between problem and non-
problem counties, t-tests were conducted for past field management metrics (PROC 
TTEST). For some metrics, a priori assumptions could be made. Continuous corn growth 
and failure to rotate from corn are contributing factors to rootworm presence and 
resistance to Bt (Gassmann et al. 2011). Additionally, in past studies farmers have 
responded to rootworm issues by increasing soil insecticide use (Dunbar et al. 2016). 
Thus, it is reasonable to infer that these metrics will be higher in areas where rootworm 
have historically been problematic (i.e., the problem counties of our experiment) 
compared to other areas of the state. Thus, years of continuous corn, proportion corn 
grown, and proportion soil insecticide use were analyzed with a one-tailed t-test with the 
null hypothesis of no difference between county types and the alterative hypothesis that 
the metric was higher in problem counties than non-problem counties. Likewise, 
proportion non-Bt corn grown was examined with a one-tailed test with the null 
hypothesis of no difference, and the alternative hypothesis that this metric was higher in 
non-problem counties. Proportion Cry3 corn, proportion Cry34/35Ab1, and proportion 
pyramided corn were analyzed with a two-tailed test. Proportion of soil insecticide used 
on non-Bt corn was not examined with a t-test, as the mean of this metric in non-problem 
counties was zero. Years of continuous corn was transformed by ln(y) to improve 
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normality of the residuals, and all other metrics were transformed by the arcsine of the 
square root to improve homogeneity of variances. In cases where homogeneity of 
variances could not be achieved, the Satterthwaite method was used to calculate degrees 
of freedom and test statistics. Data points for a field were excluded if the relevant 
information for that field was unavailable for more than three of the six-year field history. 
In cases where the information was known for more than three but fewer than six years, 
proportions were calculated from the total available data (e.g., if soil insecticide use was 
known for four years, but was unknown for two years, the proportion would have been 
calculated out of a total of four years) (Supp. Table 1-3). 
Multiple regression was used to examine the effects of field management on 
rootworm abundance and root injury (PROC REG) (Sokal and Rohlf 1995). All current 
and historical field management metrics were analyzed using correlation analysis (PROC 
CORR) to determine the presence of collinearity among the variables (Pearson’s 
correlation coefficient >0.8). Collinearity among variables indicates that variation in the 
response could be potentially explained by multiple variables in the model. Cry3 corn 
grown in the year of sampling was collinear with the proportion of years Cry3 corn was 
grown in six years, and was removed from analysis (Supp. Table 4). The remaining 
variable represented all Cry3 corn growth in the year of sampling and over the six-year 
management history (referred to as “Cry3 corn grown”). Soil insecticide used in the year 
of sampling was collinear with proportion of years soil insecticide was used in six years 
and the proportion of years soil insecticide was used on Bt corn in six years (Supp. Table 
4). The proportion of years soil insecticide was used in six years was retained, and the 
other two variables were removed. The remaining variable represented soil insecticide 
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use in the year of sampling and over the management history when Bt corn was present 
(referred to as “soil insecticide use with Bt”).  
The field management metrics used as independent variables in multiple 
regression were: non-Bt corn planted in the year of sampling (0=no, 1=yes), 
Cry34/35Ab1 corn planted in the year of sampling (0=no, 1=yes), pyramided corn grown 
in the year of sampling (either Cry34/35Ab1 + Cry3Bb1 or Cry34/35Ab1 + mCry3A, 
0=no, 1=yes), the total number of years the field was planted to corn continuously since 
2003, the proportion of years the field was planted to corn in the previous six years, soil 
insecticide use with Bt, the proportion of years non-Bt corn was planted in the past six 
years, Cry3 corn grown, the proportion of years Cry34/35Ab1 corn was planted in the 
past six years, the proportion of years a pyramid hybrid of corn had been grown in the 
past six years (either Cry34/35Ab1 + Cry3Bb1 or Cry34/35Ab1 + mCry3A), and 
proportion of years soil insecticide was used on non-Bt corn in the past six years. Of the 
37 fields examined in this study, seven fields were missing information for one or more 
field metrics, thus a total of 30 fields were used in multiple regression (Supp. Tables 1-3). 
All independent variables were included as potential variables in the regression model 
with either rootworm abundance or root injury as the response. Stepwise selection was 
used to select the best model, with the thresholds of P < 0.25 for entry into the model and 
P <  0.15 to be retained in the model, following Dunbar et al. (2016). Rootworm 
abundance and root injury were transformed using a square root transformation and years 





There was no effect of field type, year, or their interaction on rootworm 
abundance (Table 1; Fig. 2A). Mean abundance in all fields of the study was 1.2 
rootworm/trap/day ± 0.4 (mean ± SE). There was likewise no effect of field type, year, or 
their interaction on root injury (Table 1; Fig. 2B). Mean root injury for all fields was 0.13 
± 0.02 nodes (mean ± SE). In fields where refuge plants were found, injury to non-Bt 
corn was significantly higher than injury to Bt corn (Table 2; T9 = 2.59, P = 0.03; Bt 
mean ± SE = 0.14 ± 0.044, non-Bt mean ± SE = 0.68 ± 0.23).  
In bioassays to assess resistance to Cry3Bb1, the interaction of population and 
corn type was significant in all years (Table 3), indicating that survival on Cry3Bb1 corn 
and non-Bt corn differed among the populations. All field populations from problem and 
non-problem counties had significantly higher survival on Cry3Bb1 compared to 
controls, indicating the presence of resistance to this Bt trait in both county types (Fig. 3). 
One non-problem county population from 2017 (NPC-13) had significantly lower 
survival on non-Bt corn compared to the susceptible control population (Fig. 3). All 
control populations had significantly lower survival on Cry3Bb1 compared to non-Bt 
corn, and survival did not differ between Cry3Bb1 corn and non-Bt corn for any field 
population (Fig. 3). Two field populations had a significantly lower proportion of third 
instars on Cry3Bb1 corn compared to non-Bt corn, one problem-county field from 2015 
(PC-11) and one non-problem-county field from 2017 (NPC-14) (Fig. 4). Analysis of 
corrected survival confirmed the presence of resistance to Cry3Bb1 in all fields after 
accounting for variation in survival on non-Bt corn. All field populations, regardless of 
county type, had significantly higher corrected survival compared to controls (Fig. 5). 
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However, corrected survival did not differ between problem and non-problem counties 
overall (F1,8 = 0.13, P = 0.72).  
More non-problem-county fields were planted non-Bt corn in the year of 
sampling compared to problem-county fields (Table 4). Four historical field management 
metrics differed between county types (Table 5). Problem county fields had a 
significantly higher number of years corn had been grown continuously, which was 
approximately two additional years on average. Problem counties also had a significantly 
higher proportion of corn grown in the last six years (i.e., had rotated less frequently), 
had used more soil insecticide than non-problem counties, and had grown Cry34/35Ab1 
corn approximately twice as often as non-problem counties. 
In multiple regression, pyramided corn (Cry34/35Ab1 + Cry3Bb1 or 
Cry34/35Ab1 + mCry3A) planted in the year of sampling had a positive correlation with 
rootworm abundance. The proportion of years corn had been grown in the last six years 
was also positively correlated with rootworm abundance, and this correlation was 
significant at the P ≤ 0.05 level. The regression model for rootworm abundance explained 
approximately 23% of the observed variation in abundance (Table 5). For root injury, the 
number of years of continuous corn growth was positively correlated with injury, and 
proportion of soil insecticide use over the past six years and proportion Cry3 corn grown 
in the past six years were both negatively correlated with injury. Only the proportion of 
soil insecticide use was significant at the P ≤ 0.05 level. The regression model for root 





Our study revealed rootworm abundance and injury to corn did not differ between 
non-problem and problem counties (Table 1; Fig. 2). All rootworm populations assayed in 
this experiment were resistant to Cry3Bb1, and resistance did not differ between county 
types (Fig. 3-5). Thus, our first hypothesis, that problem counties would have higher 
abundance, root injury, and resistance to Cry3Bb1 compared to non-problem counties, was 
not supported. Other studies have found similarly that resistance to Cry3Bb1 is present 
among fields with various management histories (Shrestha et al. 2018b). We also found 
that problem-county fields had grown more continuous corn, rotated less frequently, used 
more soil insecticide, and planted more Cry34/35Ab1 corn than fields in non-problem 
counties (Table 5). These differences in management indicate that our second hypothesis 
was supported, with problem counties managing rootworm differently compared to non-
problem counties. Such differences are expected, given that problem counties have 
experienced severe rootworm issues in the past, and farmers have likely responded with 
more aggressive management (Dunbar et al. 2016, Gassmann et al. 2011, 2014)  
Resistance to Cry3Bb1 was present in two non-problem counties (Jasper and 
Greene), located in central Iowa (Fig. 1). We cannot confirm that resistance to Cry3Bb1 
was present in Taylor County, as we were unable to assay any populations from that 
county. However, resistance was similar in northeastern problem counties and centrally-
located non-problem counties in this study, despite some differences in management 
approaches (Tables 4, 5; Figs. 3-5). While several field management metrics differed 
between the county types, the proportion of years in which Cry3 corn had been grown did 
not (Table 5). It is also noteworthy that both county types were characterized by multiple 
years of consecutive corn growth (Table 5). Although problem counties had grown corn 
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for significantly longer, non-problem county fields still averaged over five consecutive 
years of corn per field. This indicates that selection pressure for resistance to Cry3 
proteins was similar in both county types. Continuous planting of Cry3Bb1 corn has been 
directly correlated with resistance to that trait (Gassmann et al. 2011). For our study Cry3 
corn was defined as either Cry3Bb1 or mCry3A corn (no fields had grown eCry3.1Ab 
corn). These two proteins are structurally similar, and cross-resistance occurs where 
resistance to one trait confers a degree of resistance to the other (Gassmann et al. 2014, 
Zukoff et al. 2016). Growth of Cry3 corn was the key component to selecting for 
resistance in the populations of this study, despite differences in other management tactics. 
Rootworm abundance and root injury to corn did not differ between non-problem 
counties and problem counties (Table 1, Fig. 2). One explanation for this result is that the 
baseline rootworm presence was higher in the problem counties of our study, but 
differences in management resulted in similar observations in both county types. Problem 
counties had experienced rootworm issues in the past (e.g., Dunbar et al. 2016, Gassmann 
et al. 2011, 2014). We observed similar levels of abundance and root injury because the 
active rootworm management tactics employed in these counties kept populations lower 
than they would have been without intervention. Problem counties were more likely to 
contain fields that received soil insecticide or were planted Cry34/35Ab1 corn in the last 
six years (Table 5). Soil insecticide can reduce adult emergence, which can lead to lower 
population numbers overall (Shrestha et al. 2018a). While field-evolved resistance to 
Cry34/35Ab1 does exist, resistant populations were relatively rare in Iowa at the time of 
this study, so this Bt toxin was likely an effective method of managing rootworm 
(Gassmann et al. 2016, 2019). Thus, differences in management can explain why 
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rootworm abundance and root injury did not differ between county types, even though a 
higher rootworm prevalence would be expected in counties where fields had previously 
experienced injury to corn. 
In light of the results of our study, it is interesting that greater-than-expected 
injury was reported in problem counties but not non-problem counties, when we observed 
similar rootworm populations in the two county types. The first cases of field failure and 
resistance to Cry3Bb1 occurred in northeastern Iowa in 2009 and 2010, and were more 
broadly geographically distributed thereafter (Dunbar et al. 2016, Gassmann et al. 2011, 
2012, 2014; Jakka et al. 2016). When Cry3Bb1 was introduced in 2003, intense selection 
pressure likely led to initial cases of resistance in northeastern Iowa (Gassmann 2016). 
Selection pressure in non-problem counties was probably less than in problem counties 
during this time, as evidenced by the fact that resistance evolved in the northeast first. 
Corn expressing Cry34/35Ab1 was marketed in 2006 (U.S. EPA 2005), and resistance to 
this toxin did not appear in the landscape until 2013 (Gassmann et al. 2016). Thus, 
beginning in 2006, famers had an effective second Bt option for rootworm management. 
Rotating multiple modes of action can help to delay resistance development (Tabashnik 
and Gould 2012). By the time resistance to Cry3Bb1 evolved in non-problem counties, 
this second Bt trait was available for use, preventing field failures and resistance issues 
that would be reported in the more corn-intensive northeast area of the state. This would 
explain why Cry3Bb1 resistance was found in counties that had not previously reported 
rootworm injury to Cry3Bb1 corn.  
The field management tactics of farmers in this study partially explained the 
observed rootworm abundance and root injury (Table 6). The proportion of the past six 
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years that the field had been planted to corn was positively associated with rootworm 
abundance, which reflects this pest’s requirement of multiple years of corn for 
reproduction and population growth. The proportion of the past six years soil insecticide 
had been used in the field was negatively correlated with root injury. This is to be 
expected, as soil insecticide has been shown to reduce root feeding by western corn 
rootworm (Shrestha et al. 2018a). Both of these results are in keeping with current 
knowledge of rootworm biology. 
We found lower root injury on Bt plants compared to non-Bt plants in fields 
where refuge plants were sampled (Table 2). As each node of injury to corn roots can 
result in a 15 to 17% loss in yield, protection of roots is important for ensuring 
profitability (Dun et al. 2010, Tinsley et al. 2013). However, the mean difference in 
injury between Bt and non-Bt corn in this analysis was 0.54 nodes, which would result in 
an estimated 8-10% loss in yield. While statistically significant, the price difference of Bt 
corn compared to non-Bt corn would likely be higher than the monetary loss in yield in 
this case. Notably, all fields used in the comparison between Bt and refuge plants 
included Cry34/35Ab1, with one exception (Table 2). Across the entire study, fifty-three 
and ninety-five percent of fields in non-problem and problem counties, respectively, used 
a corn hybrid expressing Cry34/35Ab1, either singly or as a pyramid with a Cry3 protein 
(Table 4). Such widespread use of this trait is selecting for resistance to Cry34/35Ab1, 
cases of which have already been documented in Iowa (Gassmann et al. 2016, 2019).   
Our study demonstrates that resistance to Cry3Bb1 corn by western corn 
rootworm is now nearly ubiquitous in northeastern and central Iowa. Other studies have 
also shown that resistance to this toxin is widespread and present in fields of differing 
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management histories (Shrestha et al. 2018b). Farmers in the northeast and central Iowa 
managed for rootworm differently, with northeastern farmers using more soil insecticide 
and Cry34/35Ab1 corn (Table 5). That adult abundance and root injury did not differ, 
while management strategies were different, implies that rootworm prevalence in 
problem counties is intrinsically higher. Additionally, Cry34/35Ab1 was effective in 
protecting roots in general, as has been shown elsewhere (Table 2) (Johnson et al. 2017). 
However, overreliance on this trait is beginning to result in resistance issues (Gassmann 
et al. 2016, 2019). The next generation of transgenic technology, which uses RNA 
interference, is currently in the process of commercialization (Head 2017, U.S. EPA 
2017). However, because this new technology is pyramided with Cry34/35Ab1, selection 
pressure for resistance to Cry34/35Ab1 will persist. Pyramids can act to delay resistance, 
but do so most effectively when resistance alleles are rare for both traits in the pyramid 
(Roush 1998). Thus, if resistance to Cry34/35Ab1 is present, the efficacy of the pyramid 
will diminish quickly. More traditional integrated pest management methods, such as 
crop rotation and soil insecticide use on non-Bt corn, will be needed to limit the intensity 
of selection pressure for resistance to this trait. 
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Tables and Figures 
Table 1. Analysis of variance to test for effects of field type (problem county vs non-
problem county), year of sampling, and their interaction on observed root injury and 
abundance of western corn rootworm. 
Response Effect DF F P 
Rootworm 
abundance 
Field type 1 1, 31 0.87 0.34 
Year 2 2, 31 0.72 0.50 
Year x Type 2, 31 0.65 0.53 
Root injury 
Field type 1, 31 0 0.96 
Year 2, 31 0.34 0.71 
Year x Type 2, 31 3.02 0.06 
1 Field type = non-problem county vs problem county. 




Table 2. Injury to corn roots for Bt corn and non-Bt corn (refuge plants) in fields where 
refuge plants were collected as part of the sampling transect. 
Year Field 1 
Bt Root Injury 2                  
± SEM (N) 
Non-Bt Root Injury 2                   
± SEM (N) 
2015 PC-2 0.046 ± 0.008 (9) 0.02 ± N/A (1) 
2016 
NPC-7 0.15 ± 0.05 (7) 0.08 ± 0.01 (3) 
PC-7 0.05 ± 0.01 (8) 1.88 ± 0.44 (2) 
PC-9 0.01 ± 0.003 (9) 0.1 ± N/A (1) 
PC-10 0.45 ± 0.13 (9) 1.7 ± N/A (1) 
2017 
NPC-12 0.03 ± 0.009 (8) 0.02 ± 0.0 (2) 
NPC-14 0.27 ± 0.10 (9) 1.00 ± N/A (1) 
NPC-16 0.18 ± 0.14 (8) 1.03 ± 0.69 (2) 
NPC-17 0.03 ± 0.005 (8) 0.04 ± 0.01 (2) 
PC-20 0.20 ± 0.11 (9) 0.90 ± N/A (1) 
Mean 0.14 ± 0.04 (84) 0.68 ± 0.23 (16) 
1 PC=problem county field, NPC=non-problem county field. Bt traits present in fields 
were: Cry3Bb1 single-trait (NPC-7), Cry34/35Ab1 single-trait (NPC-12), Cry34/35Ab1 
+ Cry3Bb1 (PC-2, PC-7, NPC-14, NPC-16, NPC-17, PC-20), and Cry34/35Ab1 + 
mCry3A (PC-9, PC-10). 




Table 3. Analysis of variance for survival and corrected survival in plant-based 
bioassays. 
  Survival  Corrected Survival 
Year Effect DF F P   DF F P 
2015 
Population 1 1, 35 2.74 0.11  1, 17 29.68 <0.0001 
Corn type 4 1, 35 9.54 0.004  - - - 
Pop. × Corn type 1, 35 6.61 0.01   - - - 
2016 
Population 2 5, 153 8.59 <0.0001  4, 74 11.95 <0.0001 
Corn type 1, 153 13.74 0.0003  - - - 
Pop. × Corn type 5, 153 5.21 0.0002   - - - 
2017 
Population 3 9, 271 17.90 <0.0001  9, 136 25.97 <0.0001 
Corn type 1, 271 60.10 <0.0001  - - - 
Pop. × Corn type 9, 271 10.89 <0.0001  - - - 
1 2015 populations: 1 control, 1 problem-county field population. 
2 2016 populations: 2 control replicates, 1 non-problem county field populations, 2 
problem-county field populations. 
3 2017 populations:  4 control replicates, 4 non-problem county field populations, 2 
problem-county field populations.  




Table 4. Differences in management of fields in non-problem and problem counties in 
the year the field was sampled. 





DF χ2 P 
Non-Bt corn planted 0.18 (3) 0.05 (1) 1 1.52 0.22 
Cry3 corn planted 0.29 (5) 0.00 (0) 1 6.80 0.01 
Cry34/35Ab1 corn planted 0.06 (1) 0.30 (6) 1 3.48 0.06 
Cry34/35Ab1 + Cry3 corn planted 0.47 (8) 0.65 (13) 1 1.20 0.27 
Soil insecticide  0.17 (2) 0.20 (4) 1 0.05 0.82 
1 Metrics are present or absent for the year the field was sampled. Absent=0, Present=1. 
For field categories, Non-problem county=0, Problem county=1. 








Table 5. Differences in management approaches for six years in non-problem and problem counties. 





DF T P 
Years cont. corn 3 5.24 ± 1.35 (17) 7.20 ± 1.03 (20)  35 2.28 0.01 
Proportion corn 3 0.74 ± 0.06 (17) 0.88 ± 0.05 (20)  35 1.83 0.03 
Proportion S.I. use 3,5 0.04 ± 0.03 (12) 0.27 ± 0.09 (20)  25.23 2.24 0.02 
Proportion non-Bt 3,5 0.32 ± 0.11 (10) 0.11 ± 0.03 (20)  11.53 1.67 0.06 
Proportion Cry3 4,5 0.21 ± 0.11 (10) 0.05 ± 0.03 (20)  10.71 1.31 0.22 
Proportion Cry34/35Ab1 4,5 0.47 ± 0.13 (10) 0.84 ± 0.04 (20)  27.95 3.87 0.0006 
Proportion Cry34/35Ab1 + Cry3 4,5 0.42 ± 0.12 (10) 0.42 ± 0.06 (20)  28 0.05 0.96 
Proportion S.I. on Bt 4,5 0.05 ± 0.04 (10) 0.24 ± 0.09 (20)  26.94 1.82 0.08 
Proportion S.I. on non-Bt 6 0.00 ± N/A (10) 0.03 ± 0.02 (20)  - - - 
1 Field history metrics are proportions of years the management tactics was used out of the most recent 6 years, except years of 
continuous corn, which is the total number of years the field had been planted to corn since 2003. S.I. = soil insecticide. 
2 Mean ± SE (N). 
3 One-tailed t-test was conducted. 
4 Two-tailed t-test was conducted. 
5 Satterthwaite method was used due to unequal variances. 







Table 6. Multiple regression analysis for rootworm abundance and root injury, with field type and management metrics as 
possible independent variables. 
Dependent 
Variable 
Parameters Slope SE F P Model r2 
Rootworm     
abundance 
(square root) 
Cry34/35Ab1 + Cry3 (year of sampling) 1 0.56 0.31 3.25 0.08 0.23 
Proportion years corn (6 yr) 2 1.47 0.69 4.58 0.04  
Intercept -0.69 0.60 1.30 0.26   
Root injury 
(square root) 
Year cont. corn (log) 3 0.06 0.04 2.60 0.12 0.25 
S.I. use with Bt 4 -0.20 0.09 4.64 0.04  
Cry3 corn grown 5 -0.20 0.12 2.71 0.11  
Intercept 0.32 0.06 32.96 <0.0001   
1 Use of single-trait Cry34/35Ab1 corn in the year the field was sampled (0=no, 1=yes).  
2 Proportion of years corn had been grown out of the previous six years. 
3 Number of years fields have been planted to corn continuously since 2003. 
4 Variable represents variation in response due to soil insecticide use in the year of sampling, proportion of years soil 
insecticide was used in six years, and proportion of years soil insecticide was used on Bt corn due to collinearity among 
variables. 
5 Variable represents variation in response due to Cry3 corn grown in the year of sampling and proportion of years Cry3 corn 





Figure 1. Map of Iowa, USA showing location of counties used in the study. Open 
shapes represent non-problem counties, while closed shapes represent problem counties. 
Fields in each county were assessed for abundance of western corn rootworm, root injury 
































Figure 2. A) Mean abundance of adult western corn rootworm in non-problem and 
problem counties. B) Mean root injury scores of fields sampled in non-problem and 
problem counties. Bar heights represent sample means, and error bars are standard error 



















































Figure 3. Proportion survival of susceptible controls and field populations on non-Bt and 
Cry3Bb1 corn. A = 2015, B = 2016, C = 2017. For field labels, “C” indicates a control 
replicate, “PC” indicates a problem county field population, and “NPC” indicates a non-
problem county field population. Bar heights represent sample means, and error bars are 
standard error of the mean. Sig. indicates that the population experienced a significant 
difference in survival between non-Bt and Cry3Bb1 corn, while NS indicates that there 
was not a difference in survival on the two corn types. Bars with an asterisk were 
significantly different from controls on the same corn type (e.g., an asterisk above a black 
bar indicates a difference between survival on Cry3Bb1 corn in the field population 









Figure 4. Proportion of third instar larvae of field populations on non-Bt and Cry3Bb1 
corn. A = 2015, B = 2016, C = 2017. For field labels, “PC” indicates a problem county 
field population, and “NPC” indicates a non-problem county field population. Bar heights 
represent sample means, and error bars are standard error of the mean. Sig. indicates that 
a significantly greater proportion of third instar larvae were recovered on non-Bt corn 
compared to Cry3Bb1 corn. NS indicates that there was no difference in the proportion of 




Figure 5. Corrected survival for all populations assayed on non-Bt and Cry3Bb1 corn. A 
= 2015; B = 2016; C = 2017. Corrected survival was calculated as proportion of larvae 
surviving on Cry3Bb1 corn in a replicate ÷ mean proportion surviving larvae on non-Bt 
corn in all replicates of a population. For field labels, “PC” indicates a problem county 
field population, and “NPC” indicates a non-problem county field population. Bar heights 
are means for corrected survival for a population, and error bars are standard error of the 
mean. Asterisks indicate that corrected survival in the population was significantly higher 








Supplemental Table 1. Field cropping history for fields sampled in 2015. 
Year Field1 PC-1 PC-2 PC-3 PC-4 PC-5 PC-6 NPC-1 NPC-2 NPC-3 NPC-4 
2015 
Crop2 Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin3 4 4 4 4 2 2 1 0 5 1 
Soil 4 None None None None Yes Yes None None None None 
2014 
Crop Corn Corn  Corn Corn Corn Corn Corn Soy Soy Corn 
Bt toxin Uk Uk 2 2 2 2 1 . . 0 
Soil None None None None Yes Yes None . . None 
2013 
Crop Corn Corn Corn Soy Corn Corn Soy Corn Corn Soy 
Bt toxin 4 4 2 . 2 2 . 0 5 . 
Soil None None None . Yes Yes . None None . 
2012 
Crop Corn Corn Soy Corn Corn Corn Corn Soy Soy Alfa 
Bt toxin Uk Uk . 2 2 2 1 . . . 
Soil None None . None Yes Yes None . . . 
2011 
Crop Corn Corn Corn Corn Corn Corn Soy Corn Corn Corn 
Bt toxin 4 4 2 2 Uk Uk . 0 5 1 
Soil None None None None Uk Uk . None None None 
2010 
Crop Corn Corn Corn Corn Corn Corn Corn Soy Soy Soy 
Bt toxin 0 Uk 2 2 Uk Uk 1 . . . 
Soil None None None None Uk Uk None . . . 
1 PC = problem county field, NPC = non-problem county field. 
2 Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3 Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = mCry3A+Cry34/35Ab1; 
Uk = Unknown. 
4 Soil insecticide use, None = soil insecticide not used, Yes = soil insecticide was used, Uk = Unknown. 







Supplemental Table 2. Field cropping history for fields sampled in 2016. 
Year Field1 PC-7 PC-8 PC-9 PC-10 PC-11 PC-12 PC-13 PC-14 NPC-5 NPC-6 NPC-7 5 
2016 
Crop2 Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin3 4 5 5 5 2 0 2 4 1 4 1 
Soil 4 Yes Yes None None None None None None Yes Yes Uk 
2015 
Crop Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin 2 2 0 2 4 4 4 2 4 4 Uk 
Soil Yes Yes None None None None None None None None Uk 
2014 
Crop Corn Corn Alfa Corn Soy Corn Corn Alfa Corn Corn Corn 
Bt toxin 0 4 . 2 . 2 2 . 0 4 Uk 
Soil Yes Yes . None . None None . None None Uk 
2013 
Crop Alfa Corn Alfa Corn Corn Corn Corn Alfa Soy Corn Corn 
Bt toxin . Uk . 2 2 2 4 . . 4 Uk 
Soil . Yes . None None None None . . Yes Uk 
2012 
Crop Corn Corn Alfa Corn Corn Soy Corn Alfa Corn Corn Corn 
Bt toxin Uk Uk . 2 Uk . 2 . 4 4 Uk 
Soil Yes Yes . None None . None . None None Uk 
2011 
Crop Corn Corn Alfa Corn Corn Corn Corn Alfa Corn Corn Corn 
Bt toxin Uk Uk . 0 Uk Uk 4 . 1 4 Uk 
Soil Yes Yes . Yes None None None . None None Uk 
1 PC = problem county field, NPC = non-problem county field. 
2 Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3 Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = 
mCry3A+Cry34/35Ab1; Uk = Unknown. 
4 Soil insecticide use, None = soil insecticide not used, Yes = soil insecticide was used, Uk = Unknown. 







Supplemental Table 2 Continued 
Year Field1 NPC-8 5 NPC-9 5 NPC-10 5 
2016 
Crop2 Corn Corn Corn 
Bt toxin3 0 1 4 
Soil 4 Uk None None 
2015 
Crop Soy Soy Soy 
Bt toxin . . . 
Soil . . . 
2014 
Crop Corn Corn Corn 
Bt toxin Uk Uk Uk 
Soil Uk None None 
2013 
Crop Corn Soy Soy 
Bt toxin Uk . . 
Soil Uk . . 
2012 
Crop Corn Corn Corn 
Bt toxin Uk Uk Uk 
Soil Uk None None 
2011 
Crop Corn Soy Soy 
Bt toxin Uk . . 
Soil Uk . . 
1 PC = problem county field, NPC = non-problem county field. 
2 Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3 Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = 
mCry3A+Cry34/35Ab1; Uk = Unknown. 
4 Soil insecticide use, None = soil insecticide not used, Yes = soil insecticide was used, Uk = Unknown. 







Supplemental Table 3. Field cropping history for fields sampled in 2017. 
Year Field1 NPC-11 5 NPC-12 5 NPC-13 5 NPC-14 NPC-15 NPC-16 NPC-17 PC-15 PC-16 PC-17 
2017 
Crop2 Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin3 5 2 4 4 0 4 4 2 2 4 
Soil 4 Uk Uk Uk None None None None None None None 
2016 
Crop Corn Corn Corn Corn Soy Soy Soy Corn Corn Corn 
Bt toxin Uk Uk Uk 5 . . . 5 5 4 
Soil Uk Uk Uk None . . . None None None 
2015 
Crop Corn Corn Corn Corn Corn Corn Corn Corn Corn Corn 
Bt toxin Uk Uk Uk 5 5 4 0 2 2 4 
Soil Uk Uk Uk None None None None None None None 
2014 
Crop Corn Corn Corn Corn Corn Corn Soy Corn Corn Corn 
Bt toxin Uk Uk Uk 2 0 0 . 2 2 1 
Soil Uk Uk Uk None None None . None None Yes 
2013 
Crop Corn Corn Corn Corn Soy Soy Corn Corn Corn Corn 
Bt toxin Uk Uk Uk 2 . . 0 0 0 1 
Soil Uk Uk Uk None . . None None None Yes 
2012 
Crop Corn Corn Corn Corn Corn Corn Soy Corn Corn Corn 
Bt toxin Uk Uk Uk 2 Uk Uk . Uk Uk 1 
Soil Uk Uk Uk None Uk None . None None Yes 
1 PC = problem county field, NPC = non-problem county field. 
2 Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3 Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = 
mCry3A+Cry34/35Ab1; Uk = Unknown. 
4 Soil insecticide use, None = soil insecticide not used, Yes = soil insecticide was used, Uk = Unknown. 







Supplemental Table 3 Continued 
Year Field1 PC-18 PC-19 PC-20 
2017 
Crop2 Corn Corn Corn 
Bt toxin3 4 4 4 
Soil 4 None None None 
2016 
Crop Corn Corn Corn 
Bt toxin 4 4 4 
Soil None None None 
2015 
Crop Corn Corn Corn 
Bt toxin 4 4 4 
Soil None None None 
2014 
Crop Corn Corn Corn 
Bt toxin 1 0 4 
Soil Yes None None 
2013 
Crop Corn Soy Corn 
Bt toxin 1 . 4 
Soil Yes . Yes 
2012 
Crop Corn Corn Soy 
Bt toxin 1 Uk . 
Soil Yes None . 
1 PC = problem county field, NPC = non-problem county field. 
2 Corn = Corn; Soy = Soybean; Alfa = Alfalfa; Uk = Unknown. 
3 Key for Bt toxins: 0 = no Bt targeting rootworm present; 1 = Cry3Bb1; 2 = Cry34/35Ab1; 3 = mCry3A; 4 = Cry3Bb1+Cry34/35Ab1; 5 = 
mCry3A+Cry34/35Ab1; Uk = Unknown. 
4 Soil insecticide use, None = soil insecticide not used, Yes = soil insecticide was used, Uk = Unknown. 







Supplemental Table 4. Correlation matrix of field management metrics. 
Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 1 - - - - - - - - - - - - - 
2 -0.14 1 - - - - - - - - - - - - 
3 -0.17 -0.19 1 - - - - - - - - - - - 
4 -0.40 -0.45 -0.55 1 - - - - - - - - - - 
5 -0.15 0.06 0.18 -0.09 1 - - - - - - - - - 
6 -0.31 -0.15 0.34 0.03 0.24 1 - - - - - - - - 
7 -0.16 -0.26 0.36 -0.01 0.34 0.78 1 - - - - - - - 
8 -0.18 -0.15 0.21 0.04 0.81 0.36 0.42 1 - - - - - - 
9 0.62 0.00 -0.22 -0.19 -0.18 -0.37 -0.49 -0.25 1 - - - - - 
10 -0.14 0.80 -0.21 -0.23 -0.07 -0.15 -0.19 -0.01 -0.13 1 - - - - 
11 -0.12 -0.29 0.63 -0.27 0.22 0.34 0.38 0.30 -0.38 -0.36 1 - - - 
12 -0.25 -0.32 -0.35 0.64 -0.03 0.04 0.12 -0.12 -0.26 -0.28 -0.51 1 - - 
13 -0.18 -0.12 0.24 -0.01 0.80 0.35 0.41 0.98 -0.29 0.01 0.29 -0.10 1 - 
14 -0.08 -0.08 -0.13 0.21 0.29 0.05 0.10 0.39 0.10 -0.11 0.11 -0.12 0.21 1 
a Variable numbers are:  
1 Non -Bt corn (year of sampling) 8 Proportion of years soil insecticide was used in 6 years 
2 Cry3 corn (year of sampling) 9 Proportion of years non-Bt corn was grown in 6 years 
3 Cry34/35Ab1 corn (year of sampling) 10 Proportion of years Cry3 corn was grown in 6 years 
4 Pyramided corn (year of sampling) 11 Proportion of years Cry34/35Ab1 was grown in 6 years 
5 Soil insecticide use (year of sampling) 12 Proportion of years pyramided corn was grown in 6 years 
6 Years of continuous corn 13 Proportion of years soil insecticide was used on Bt corn in 6 years 
7 Proportion of years corn grown in 6 years 14 Proportion of years soil insecticide was used on non-Bt corn in 6 years 
b Variables 2, 5, and 13 were excluded from analysis due to collinearity with other variables
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CHAPTER 4.    USING GEOSPATIAL TOOLS TO QUANTIFY CONTINUOUS 
CORN IN LANDSCAPES SURROUNDING FIELDS WITH A HISTORY OF 
INJURY TO CRY3 CORN BY WESTERN CORN ROOTWORM 
Modified from a manuscript to be submitted to Landscape Ecology 
Coy R. St. Clair and Aaron J. Gassmann 
Department of Entomology, Iowa State University 
 
Abstract 
Western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: 
Chrysomelidae), is a major pest of corn in the United States and is reliant on at least two 
consecutive years of corn for reproduction and population growth. Transgenic corn 
expressing insecticidal proteins derived from the bacterium Bacillus thuringiensis (Bt) is 
an important tool used to manage rootworm populations. The first Bt trait, Cry3Bb1, was 
introduced in 2003, but greater-than-expected injury appeared northeastern Iowa in 2009. 
Using geospatial tools and publicly-available land use data, we examined the circular 
areas (buffers) surrounding these early field failures at radii of 1.6, 3.2, and 16.1 km. We 
calculated the proportion of area inside each buffer planted to first through ninth-year 
continuous corn, and compared these values to the same proportions calculated for 
randomly-selected control points throughout the state. We also calculated the proportion 
of the state planted to corn for at least three consecutive years for 2003 through 2016. We 
found areas surrounding problem fields had significantly more continuous corn compared 
to controls, with the most continuous corn in 1.6 km buffers. At 1.6 km radius, all 
problem fields had significantly more continuous corn up to sixth-year corn compared to 
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controls. We also found the level of continuous corn grown in Iowa increased 
significantly between 2003 and 2016, and was correlated with average yearly corn price. 
These results suggest that continuous corn growth in the surrounding landscape was 
associated with the development of resistance to Cry3Bb1 corn, and that areas beyond the 
individual field may act as habitat patches for rootworm. 
 
Keywords: GIS, landscape, transgenic crops, corn, western corn rootworm 
 
Introduction 
Transgenic crops that produce insecticidal proteins derived from the bacterium 
Bacillus thuringiensis (Bt) have become an important tool for pest management in recent 
years. Bt crops were planted on 100 million hectares of agricultural land in 2017 (James 
2017). Benefits of these crops include reduced harm of non-target species, increased 
yields, and a reduced need for conventional insecticides (Marvier et al. 2007, Carpenter 
2010, Edgerton et al. 2012). Additionally, regional suppression of certain pests has been 
achieved in some areas (Carrière et al. 2003, Wu et al. 2008, Hutchison et al. 2010). 
However, the evolution of resistance to Bt by pest insects threatens to reduce the utility of 
this technology. 
The primary tactic used to delay the evolution of resistance to Bt within a field is 
the refuge strategy. This approach involves planting non-Bt plants in a field together with 
Bt plants. When Bt-susceptible insects surviving on non-Bt plants mate with Bt-resistant 
individuals, the offspring are heterozygous for resistance (Gould 1998). Resistance in the 
population is then delayed because these heterozygotes have lower fitness on Bt 
compared to the resistant parent. The refuge strategy works best to delay resistance when 
117 
 
alleles for resistance have a low initial frequency in the population, when the Bt toxin 
provides a dose high enough that resistance is functionally recessive, and when fitness 
costs accompany resistance (Carrière and Tabashnik 2001, Tabashnik et al. 2008, 
Gassmann et al. 2009, Carrière et al. 2010). Additionally, the refuge strategy relies on the 
assumption of non-assortative mating of males and females within a field, such that rare 
homozygous resistant individuals are highly likely to encounter and mate with abundant 
susceptible individuals (Onstad 2008). The refuge strategy has been used to successfully 
delay resistance to Bt in several pest species. Examples include European corn borer 
(Ostrinia nubilalis) on Cry1Ab corn, pink bollworm (Pectinophora gossypiella) on 
Cry1Ac cotton, and tobacco budworm (Heliothis virescens) on Cry1Ac and Cry2Ab 
cotton (Ali et al. 2006, Ali and Luttrell 2007, Siegfried and Hellmich 2012, Tabashnik et 
al. 2012). However, some insect pest species have developed resistance to Bt in spite of 
the refuge strategy. One such pest is western corn rootworm, Diabrotica virgifera 
virgifera LeConte. 
Western corn rootworm is a univoltine coleopteran pest of corn, and has 
historically been an economically important pest in the midwestern United States. 
Rootworm adults lay eggs in the soil of cornfields, which overwinter and hatch in the 
spring. Injury to corn is primarily the result of larvae feeding on corn root tissue (Meinke 
et al. 2009). Thus, the lifecycle of western corn rootworm is dependent on corn 
production, with multiple consecutive years of corn growth provide ideal habitat for this 
pest (Chiang 1973, Spencer et al. 2009). The first transgenic crops targeting western corn 
rootworm were commercially available in 2003, and these crops expressed the Bt protein 
Cry3Bb1 (U.S. EPA 2003). However, field failures resulting from resistance to this toxin 
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appeared in Iowa by 2009 (Gassmann et al. 2011). In the case of rootworm, some 
biological factors work against the success of the refuge strategy to delay resistance. 
These factors include limited fitness costs associated with resistance and non-recessive 
inheritance of alleles for resistance to Cry3Bb1 (Gassmann et al. 2009, Paolino and 
Gassmann 2017). Also, Cry3Bb1 corn was adopted rapidly among farmers, providing 
intense selection pressure for resistance (Dunbar et al. 2016, James 2017). The number of 
years Cry3Bb1 had been grown continuously has been shown to be correlated with levels 
of resistance to this trait (Gassmann et al. 2011).   
Composition of the broader landscape may affect pest abundance, distribution, 
and resistance to Bt (Sisterson et al. 2005, Dalecky et al. 2006, Downes et al. 2017, Ives 
et al. 2017, Parry et al. 2017). In particular, movement in the landscape may increase or 
decrease the rate of evolution of resistance to Bt, depending on dispersal rates and 
distances, the relative abundance of refuge in a given area, and the spatial and temporal 
composition of landscapes (Sisterson et al. 2005). Some level of movement is ideal for 
delaying resistance, as this is required to achieve random mating among resistant and 
susceptible individuals, and thus favors the refuge strategy (Georghiou and Taylor 1977). 
Unlike many lepidopteran pests of corn, the majority of western corn rootworm 
movement is highly localized in the landscape. Most movement is within approximately 
2 km or less of the natal field (Marquardt and Krupke 2009, Spencer et al. 2009). While 
adults are unlikely to move great distances, however, a adults may leave the natal field 
and disperse to fields in the surrounding landscape. One European study found that up to 
one-third of rootworm adults dispersed from the natal field to neighboring fields (Levay 
et al. 2015). Furthermore, in areas of high corn cultivation where attractive habitat is 
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abundant, rootworm are more likely to disperse short distances (Beckler et al. 2004). The 
effect of this movement within such a small spatial scale may serve to homogenize 
resistance to Bt in local areas where resistance has developed (Martinez and Caprio 
2016). Additionally, if corn is grown for multiple consecutive years in fields adjacent to 
one another, this may provide a method for continual selection for Bt resistance as 
rootworm move among fields.  
Our goal in this study was to explore the role of landscape composition and its 
relevant spatial scale with regard to western corn rootworm populations and resistance to 
Cry3Bb1 corn. Because rootworm populations are dependent on multiple years of corn 
growth, we chose levels of continuous corn (i.e., number of consecutive years an area 
was planted to corn) as a landscape metric to examine. We calculated the level of 
continuous corn growth for up to nine years in the local landscape of fields with a history 
of injury to Cry3 corn between the years of 2009 and 2013. We then compared these 
metrics to continuous corn in local landscapes of randomly chosen points in the state 
during those same years. Additionally, in order to examine continuous corn trends in 
Iowa more generally, we calculated the proportion of the state that had been planted to 
corn for at least three consecutive years between 2003 and 2018. We hypothesized that 1) 
problem fields were not randomly distributed in the state of Iowa, 2) the local landscape 
of problem fields would have significantly more continuous corn compared to controls, 
3) the difference in continuous corn between problem fields and controls would be more 
pronounced closer to the field compared to further away, and 4) the area of Iowa that had 





Past rootworm problem fields 
The problem fields examined in this study were sampled between 2009 and 2013. 
Greater-than-expected injury to Cry3 corn (i.e., >1 node of injury to corn expressing either 
Cry3Bb1 or mCry3A) was confirmed by assessing root injury on the 0-3 node injury scale 
(Oleson et al. 2005) (Supp. Table 1). The locations of sixty-four problem fields were used 
in the present study. Sample sizes for each year were N = 4 (2009), N = 7 (2010), N= 14 
(2011), N = 25 (2012), and N = 14 (2013). Of the 64 total fields, 39 have previously 
appeared in peer-reviewed publications. These publications reported root injury to corn by 
western corn rootworm, resistance to Bt traits by rootworm populations sampled from these 
locations, or both root injury to corn and resistance to Bt (see Supp. Table 1 for relevant 
publications). Mean field area for all fields was 0.58 km2 ± 0.49 (mean ± sd). 
A base map of Iowa was used to obtain field outlines in ArcGIS Desktop 10.3 
(Environmental Systems Research Institute, Redlands, CA). The base map was a 
composite of summer orthophotos from 2014 for the state of Iowa, obtained from the 
Iowa State University Iowa Geographic Map Server (https://ortho.gis.iastate.edu; spatial 
reference “WGS_1984_Web_Mercator_Auxillary_Sphere”). This map was used because 
it showed clearly delineated field boundaries, which facilitated the tracing of field 
outlines. The Polygon tool was used in an editing session to trace the outline of all 64 
fields. Field centroids were obtained by adding X and Y coordinates to the attribute table 
of each resulting polygon, and then calculating the coordinate of the centroid for X and Y 
using the Calculate Geometry tool. These coordinates were then exported to a new layer 
as point features. 
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CropScape Data Layer processing and data collection 
Cropping information for the state of Iowa was obtained from the USDA National 
Agricultural Statistics Service (NASS) CropScape Data Layer (CDL) service. Raw data 
on land usage was downloaded from the service 
(https://nassgeodata.gmu.edu/CropScape) for the years 2001 through 2016, with Iowa as 
the defined area of interest. Each file was imported as a layer in ArcGIS and projected 
(Project Raster tool) to match the spatial reference of the base map. 
The CDL raster files for 2006 to 2009 were 56m resolution, while those from 
2003 to 2005 and from 2010 to 2016 had a resolution of 30m. To ensure that all layers 
had the same resolution, the Resample tool was used to standardize all rasters to 56m. 
The information contained in each CDL was then recategorized using the Reclassify tool. 
Reclassified raster values were as follows: 0=agricultural land not planted to corn, and 
1=corn. Raster cells that were classified by NASS as developed land, permanent forest, or 
water were set to the NoData value (i.e., were removed from the dataset). 
In ArcGIS, three circular buffers were created around each problem field centroid 
using the Buffer tool. The buffer radii were 1.6 km, 3.2 km, and 16.1 km, measured from 
the field centroid. These buffers were exported as shapefiles separately by year into 
different layers (i.e., one layer for fields sampled in 2009, one layer for fields sampled in 
2010, and so on). For examination of the landscape at the outer distances (3.2 km and 
16.1 km radii), the area of the next smallest buffer was removed (Erase tool). For the 3.2 
km radius buffer, this resulted in a ring corresponding to an area between 1.6 and 3.2 km 
from the field centroid, with the area inside of the 1.6 km radius excluded. Likewise for 
the 16.1 km buffer, the area within 3.2 km of the field centroid was excluded, leaving an 
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area between 3.2 and 16.1 km from the centroid. This was done so that the three buffer 
sizes could be examined independently.  
Control points were obtained by placing 50 random points on agricultural land in 
Iowa for each year (2009 through 2013) using the Create Random Points tool. A 16.1 km 
buffer was created along the interior edge of the map to ensure that no control point 
buffers landed outside the map boundary. Buffers with radii of 1.6 km, 3.2 km, and 16.1 
km were created for each randomly placed control point for each year, and then exported 
to separate layers in the same manner as problem field buffers. The same methods as 
described for problem fields were applied to control buffers, such that the interior of the 
two larger buffers excluded the area of the next smallest buffer.     
ArcGIS Model Builder was used to obtain information on continuous corn for the 
years 2009 through 2013 for the state of Iowa. The year of interest was added to the raster 
for the previous year using the Raster Calculator tool. The resulting raster was classified 
such that 0=agricultural land not in corn in the year of interest, 1=agricultural land 
planted to corn in one of the two years, but not both, and 2=agricultural land planted to 
corn in both the year of interest and the previous year (i.e., second-year continuous corn). 
The proportion of second-year continuous corn in the landscape could then be calculated 
as the number of cells with the value of 2 divided by the total number of cells in the 
raster. This process was then repeated using the raster for the year of interest and the two 
previous years. The resulting raster of this calculation was classified such that a value of 
3 represented cells that had been planted to corn for all three years (the year of interest, 
the year before, and two years before) because corn had been classified with a value of 1 
for all input rasters. The proportion of third-year continuous corn in the landscape could 
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then be calculated by dividing the number of cells with a value of 3 by the total number 
of cells in the raster. This process was repeated sequentially until nine raster layers were 
obtained, representing first-year through-ninth year corn for the state of Iowa, calculated 
from each year of interest. There were nine layers for each year (2009 through 2013), for 
a total of 45 individual raster calculations.   
Geospatial Modeling Environment (v0.7.4; Spatial Ecology LLC) was used to 
quantify the contents of all buffers (problem field buffers and control buffers) by 
intersecting them with the appropriate continuous corn rasters (Isectpolyras function). 
This function reported the number of each cell type of the raster present within the 
boundaries of the buffer. In total, 135 separate intersections were made, one for each 
relevant combination of continuous corn raster (nine) and buffer size (three) at each year 
of interest (five). The resulting tables contained the number of cells representing first-
year through ninth-year corn within a 1.6, 3.2, and 16.1 km radius of the problem field 
centroids and the randomly selected control points. Proportion continuous corn was 
calculated for each combination using the number of cells representing the level of corn 
(first-year through ninth-year continuous) and dividing by the total number of cells in the 
buffer. To provide a statewide reference, this process was also applied to the entire map 
of agricultural land in Iowa.  
To examine statewide trends in continuous corn growth over time, the proportion 
of land planted to corn for three consecutive years was calculated for 2003 through 2018. 
Three years of continuous corn was chosen because 2001 is the earliest year for which 
the CDL raster is complete for Iowa. Thus, from 2003, the year rootworm-active Bt corn 
was marketed, the maximum amount of continuous corn growth that could be calculated 
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for the state would be three years (2001 + 2002 + 2003). In order to make comparisons 
across years, we used three years of continuous corn for all years of 2003 to 2018. This 
approach allowed us to view the most continuous corn across the greatest breadth of 
years for Iowa, based on the available data. The price of corn for 2003 through 2018 was 
obtained from the USDA National Agricultural Statistics Service 
(www.nass.usda.gov/Statistics_by_State/Iowa), as reported by Iowa State University 
Extension and Outreach (extension.iastate.edu/agdm). 
 
Data analysis 
To test the hypothesis that problem fields were not randomly distributed in the 
state of Iowa, average nearest neighbor analysis (Average nearest neighbor tool) was 
conducted in ArcGIS on a layer containing all 64 problem field centroids. The boundary 
was defined as the state of Iowa. The null hypothesis was that problem fields were 
randomly distributed within the state, and the alternative hypothesis was that problem 
fields were spatially clustered in a non-random orientation that was unlikely to be due to 
chance. A rejection of the null for this test would suggest that these problem fields shared 
some geographic characteristics that differed from areas of the state where problem fields 
were not located.  
To test the hypothesis that local landscapes around past rootworm problem fields 
had more continuous corn compared to the landscape surrounding control points, analysis 
of variance (ANOVA) was used in SAS 9.4 (SAS Institute Inc., Cary, NC, USA; PROC 
GLM). Location type (controls vs problem fields), year of injury (2009 through 2013), 
and their interaction were used as explanatory variables, with either total area of corn 
observed in the buffers or proportion of the landscape planted to corn within the buffers 
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as response variables. A significant effect of location type would indicate that problem 
field locations differed from control landscapes with regard to the amount of continuous 
corn that was grown. 
To test the hypothesis that the difference in continuous corn between problem 
fields and controls would be more pronounced closer to the problem fields compared to 
further away (i.e., smaller buffers would have the highest degree of continuous corn 
growth), analysis of variance (PROC GLM) was used. Either total area of corn observed 
in the buffers or proportion of the landscape in corn within the buffers were response 
variables, with location type (controls vs problem fields), year of injury (2009 through 
2013), level of continuous corn (first-year through ninth-year), and all possible 
interactions as explanatory variables. This model was applied individually for each buffer 
size. To examine differences between the observed total area of corn and proportion of 
the landscape in corn in control buffers compared to problem field buffers in individual 
years, the least square means (LSMEANS statement) were obtained for the location type 
× year of injury × continuous corn interaction, with SLICE = year of injury × continuous 
corn specified. This test revealed the effect of location type (problem field vs controls) at 
every level of continuous corn for each year of interest. The null hypothesis of this 
statistical test was that the total area of corn or the proportion of the landscape planted to 
corn within the buffers did not differ between problem field buffers and control buffers at 
a given buffer size, year, and level of continuous corn. The alternative hypothesis was 
that the total area of corn or the proportion of the landscape planted to corn within the 
buffers was different. 
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In order to further examine the effect of buffer size, an analysis of variance model 
(PROC GLM) was fitted with proportion of the landscape planted to corn as the response 
and buffer size (1.6 km, 3.2 km, or 16.1 km radius), year of injury (2009 through 2013), 
and their interaction as explanatory variables. This model was fitted separately for 
problem fields and controls. If the buffer variable was significant in the model, pairwise 
comparisons were made using a Bonferroni adjustment for multiple comparisons. Total 
area of corn was not examined with this model because the amounts of corn differed as a 
function of buffer size, and thus were not comparable among the differing sizes.   
To test if the amount of continuous corn increased in Iowa between 2003, when 
Bt corn targeting rootworm was marketed, and 2018, a Kendall-Tau-b correlation was 
conducted using year and the proportion of agricultural land in Iowa planted to three 
years of continuous corn as input variables (PROC CORR). This analysis is commonly 
used to test for trends over time, and a significant positive correlation would indicate that 
continuous corn growth had increased during this time period (El-Shaarawi and 
Niculescu 1992). Additionally, a Pearson’s correlation analysis was conducted using the 
calendar year market average price of corn for each year and the proportion of third-year 
corn in Iowa to test if the price of corn over time was correlated with continuous corn 
growth (PROC CORR). A significant positive correlation in this test would be evidence 
that high corn prices may be a factor influencing the amount of continuous corn in Iowa. 
 
Results 
Problem-field locations in Iowa between 2009 and 2013 were non-randomly 
clustered in the state (Fig. 2; Z-score = -4.14, P ≤ 0.0001). For total area of corn, there 
was a significant effect of location type (problem field vs control), but not year of injury 
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or the interaction term (Table 1). For proportion of the landscape planted to corn, location 
type × year of injury was significant (Table 1). This interaction was significant because 
the proportion of the landscape planted to corn in each buffer size was higher in problem 
field buffers compared to control buffers, and the proportion of continuous corn grown in 
the control buffers increased between 2009 and 2013 (Supp. Table 2). 
The interaction of location type and level of continuous corn (first-year through 
ninth-year) was significant for total area of corn and proportion of the landscape planted 
to corn in the buffers, at all three buffer sizes (Table 2). The level of continuous corn 
decreased at each increase in level (i.e., each additional year of continuous corn growth), 
and values for problem-field locations were higher than controls (Fig. 3). Location type × 
year of injury was significant for proportion of the landscape planted to corn at all buffer 
sizes, and for total area of corn in the 3.2 km buffer (Table 2). Again, values for problem 
field buffers were higher than controls, and continuous corn growth increased generally 
between 2009 and 2013. Year of injury was significant for total area of corn at the 16.1 
km buffer size (Table 2). This is reflective of a general increase in continuous corn 
growth statewide during the years of interest for this study (Supp. Table 2). Pairwise 
comparisons revealed that there was generally more total area of corn and proportion of 
the landscape planted to corn in 1.6 km buffers compared to control 1.6 km buffers up to 
six years of continuous growth (Fig. 4). A similar pattern is seen in the 3.2 km buffers, 
but problem field buffers differed from control buffers less often, with no differences at 
all for total area of corn in 2013. Likewise, in the 16.1 km buffers only a few differences 
are observed, with most problem field buffers being significantly higher in total area of 
128 
 
corn or proportion of the landscape planted to corn for three or fewer years of continuous 
corn growth (Fig. 4). 
The proportion area of continuous corn differed by buffer size for problem field 
buffers, but not for controls (Table 3). The proportion of the landscape planted to all levels 
of continuous corn found in the 1.6 km buffer size was greater than both the 3.2 km and 
16.1 km buffers in post-hoc comparisons (P = 0.002 and P<0.0001, respectively). The two 
larger buffer sizes did not differ from one another (P = 0.08; Supp. Table 3). 
The proportion of agricultural land in Iowa that had been planted to corn for three 
consecutive years increased significantly between 2003 and 2018 (Kendall Tau-b 
correlation coefficient = 0.62, DF = 16, P = 0.0009). Additionally, there was a significant 
positive correlation between the calendar year average price of corn and the proportion of 
agricultural land in Iowa planted to corn for three consecutive years (Fig. 5; Pearson’s 
correlation coefficient = 0.76, DF = 16, P = 0.0006). 
 
Discussion 
In this study, spatial analysis of fields that had previously experienced injury to 
Cry3 corn by western corn rootworm revealed that these locations were not randomly 
distributed in Iowa (Fig. 2). The areas surrounding fields that had previously experienced 
injury had more continuous corn compared to randomly-selected control areas (Table 1, 
Fig. 3). In particular, more continuous corn was grown closer to problem field centroids 
(Table 3), and the degree of continuous corn grown was typically higher compared to 
controls at the smallest buffer size of 1.6 km (Fig. 4). We have shown that the association 
of continuous corn growth and greater-than-expected injury to Cry3 corn may have 
extended beyond the level of individual fields, encompassing the surrounding landscape 
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on a local level. Areas of continuous corn in the landscape act as habitat patches for 
rootworm (Beckler et al. 2004, O'Rourke et al. 2011), and this may have provided a 
means by which continual selection on Cry3Bb1 could have occurred in the earliest cases 
of resistance to this toxin. 
Problem fields were not randomly distributed in Iowa, and we have demonstrated 
that at least one of the characteristics that differentiates these fields from randomly 
selected points in the state is the amount of continuous corn grown in the local landscape 
(Table 1). Much of the continuous corn grown in these fields was likely Cry3 corn 
(Gassmann et al. 2011, 2012, Dunbar et al. 2016), producing intense selection pressure 
for resistance alleles. Western corn rootworm has demonstrated the ability to evolve rapid 
resistance to Cry3Bb1 under continuous selection, in as few as three generations under 
laboratory conditions (Meihls et al. 2008, Oswald et al. 2011). It is reasonable to infer 
that three years of continuous selection in the field would result in the evolution of 
resistance in field populations. However, the first reports of greater-than-expected injury 
to Cry3 corn did not occur until 2009, six years after the introduction of Cry3Bb1. We 
hypothesize that resistance was present in these fields, but the population size of western 
corn rootworm was not sufficiently large enough to cause appreciable injury to corn 
roots. Other studies have shown that resistance may be present in a field, but population 
sizes may not be sufficient to cause noticeable injury (Dunbar et al. 2016, Shrestha et al. 
2018). Continued selection throughout the following years would allow the resistant 
population to grow with each successive year, eventually reaching the point that severe 
injury to corn would be caused. Our study showed that, in most years, problem fields had 
greater total area of corn and greater proportion of the landscape planted to corn 
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compared to controls up to six years of continuous corn growth (Fig. 4). This would have 
been sufficient time for western corn rootworm populations at these problem field sites to 
evolve resistance to Cry3Bb1 and reach a population size large enough to impose greater-
than-expected injury to corn roots. This may provide an explanation as to why field 
failures of Cry3Bb1 corn appeared in these locations and years in Iowa.     
Another major finding in our study is that the relevant spatial scale of continuous 
corn growth surrounding problem fields was the area closest to the field (Table 3, Figs. 3, 
4). The proportion of the landscape in continuous corn observed in the smallest buffer 
size of 1.6 km at problem field sites was significantly higher compared to 3.2 and 16.1 
km buffers (Table 3). Also, the 1.6 km buffer most often had a greater amount of total 
area of corn and proportion of the landscape planted to corn compared to controls for up 
to six years (Fig. 4). This buffer size represents an area of approximately 8 km2. For 
reference, the average field size in the study was 0.58 km2. This indicates that the 
smallest buffer included fields outside of the problem field (an area of 7.4 km2 on 
average), and this area often had more continuous corn compared to controls. This 
illustrates that not only the natal field, but also the fields adjacent, may comprise habitat 
patches for rootworm (e.g., Caprio 2001, Beckler et al. 2004). This is especially 
important for a pest that typically does not disperse long distances, but does move 
considerably within a short distance of its natal field (Marquardt and Krupke 2009, 
Spencer et al. 2009, Levay et al. 2015). Additionally, the presence of such patches is vital 
to western corn rootworm reproduction, as it is dependent on the production of at least 
two consecutive years of corn to complete its reproductive cycle (Chiang 1973, Spencer 
et al. 2009). In contrast, a more far-ranging pest such as European corn borer, Ostrinia 
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nubilalis, could more easily locate suitable habitat and would not be as dependent on 
habitat proximity (Qureshi et al. 2005, O'Rourke and Jones 2011). Indeed, O’Rourke and 
Jones (2011) found that injury to corn by European corn borer was not correlated with 
land use (i.e., prevalence of corn in the landscape). 
In general, the relationship between pest movement in the landscape and the 
evolution of resistance to Bt is complex, being dependent on refuge abundance, spatial 
composition of fields, and the temporal distribution of crops (Sisterson et al. 2005). This 
indicates that resistance may evolve at different rates depending on local landscape 
characteristics. Additionally, some biological factors may work to favor or hinder the 
refuge strategy, which may influence the rate of resistance evolution. In western corn 
rootworm, several biological factors work against the refuge strategy to delay resistance 
to Cry3Bb1. For example, Cry3Bb1 does not meet the high-dose standard (Gassmann 
2016), fitness costs are minor in many populations, and sometimes not detected at all 
(Hoffmann et al. 2015, Ingber and Gassmann 2015, Paolino and Gassmann 2017), and 
alleles for resisance are relatively common (Onstand and Meinke 2010). Additionally, 
some assumptions concerning rootworm movement and non-assortative mating have 
proven to be incorrect (Spencer et al. 2013, Andow et al. 2015), leading to assortative 
mating between resistant individuals, which may increase adaptation overall. These traits 
contrast with the traits exhibited by European corn borer, which remains susceptible to 
Cry1Ab toxin. This toxin is high-dose for this species, with recessive inheritance of 
resistance alleles (Farinós et al. 2004, Siegfried and Hellmich 2012), and alleles for 
resistance are uncommon (Stodola et al. 2006). These characteristics have favored the 
success of the refuge strategy to delay resistance to Cry1Ab since its introduction in 
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1996. Importantly, a model developed by Sisterson et al. (2005) showed that Bt resistance 
can develop rapidly when resistance is non-recessive, irrespective of movement rate 
among fields. In the case of western corn rootworm resistance to Cry3Bb1, this suggests 
that the importance of local landscape composition was the degree to which it allowed for 
continual selection on Cry3Bb1 corn as rootworm traveled among fields (i.e., the 
prevalence of continuous Cry3Bb1 corn fields). 
For 2009 through 2013, problem fields had an additional 1.1 km2 of continuous 
corn (third through sixth-year) than controls in the 1.6 km buffers. As the mean field size 
in this study was approximately 0.6 km2, it would have required as few as two average-
sized fields rotating to a non-host crop within a span of four years to bring the level of 
continuous corn down to that of the controls at the 1.6 km buffer scale. The evolution of 
resistance to Cry3Bb1 may have been slowed if such a modest amount of rotation had 
occurred in these areas of Iowa. However, our third primary finding in this study shows 
that the planting of continuous corn in Iowa is primarily increasing over time (Fig. 5). 
The proportion of agricultural land planted to corn for three consecutive years in 
Iowa increased between 2003 and 2018, and was significantly correlated with the price of 
corn (Fig. 5). This suggests that price may be a driver of continuous corn growth, and 
farmers have indicated in interviews that price is one primary factor in deciding not to 
rotate from corn (Hodgson et al. 2015). Additionally, even after experiencing severe 
injury to corn by rootworm, farmers have responded by increasing soil insecticide use 
and alternating Bt traits, but not rotating to a non-host crop (Dunbar et al. 2016). While 
these tactics may be sufficient for managing rootworm populations in some areas 
(Dunbar et al. 2016), continuous corn growth in the landscape at large creates an 
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abundance of suitable rootworm habitat. Previous work has shown that density of such 
habitat patches within large areas of up to 40 km2 can influence rootworm prevalence 
(Beckler et al. 2004, O’Rourke et al. 2011). Adoption rates of all Bt traits have been high 
in the United States, and especially high in Iowa among Midwestern states (Scandizzo 
and Savastano 2010, James 2017). This abundance of continuous corn is likely selecting 
for resistance to Bt. This may help explain why resistance to Cry3 corn is now 
widespread in Iowa, and resistance to Cry34/35Ab1 has begun to appear (Shrestha et al. 
2018, Gassmann et al. 2019). 
We have used geospatial tools to quantify the level of continuously grown corn in 
landscapes surrounding rootworm problem fields. These fields were not randomly 
distributed in Iowa (Fig. 2) and were surrounded by more continuous corn than randomly 
selected control locations in the state (Table 1). Furthermore, differences from controls 
were most pronounced at the 1.6 km buffer size (i.e., closest to the field), and less 
pronounced with increasing distance from the field centroid (Table 3, Figs. 3, 4). These 
results suggest that continuous corn growth was associated with the development of 
resistance to Cry3Bb1, and that areas beyond the individual field act as habitat patches 
for rootworm. Corn prices appear to be a contributing factor in the statewide level of 
continuous corn growth (Fig. 5), and this is a stark reminder that resistance management 
is only one facet of crop production that farmers must consider when making decisions. 
However, resistance to Cry3 proteins is now widespread in Iowa (Shrestha et al. 2018) 
and resistance to Cry34/35Ab1 has appeared in the landscape (Gassmann et al. 2016, 
Gassmann et al. 2019). Miranowski and Lacy (2016) showed that resistance management, 
including rotation to a non-host crop, was the most economically beneficial style of 
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management over long periods. As new transgenic traits are developed, crop rotation 
should be a central component of resistance management in the interest of reducing 
selection pressure of resistance, as well as ensuring profitability in the long term. 
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Tables and Figures 
Table 1. Analysis of variance on effects of location type and year on total area of corn 
observed within buffers or proportion area of corn observed at all buffer sizes. 
 
Total area planted to corn 
 
Proportion of landscape 
planted to corn 
Effect 1 DF F P  DF F P 
Location Type  1, 8468 11.41 0.0007  1, 8468 222.13 <0.0001 
Year of Injury  4, 8468 1.29 0.27  4, 8468 1.28 0.27 
Location Type × Year 4, 8468 0.25 0.91  4, 8468 2.93 0.02 




Table 2. Results of analysis of variance at 1.6, 3.2, and 16.1 km buffer sizes, with total 
area of corn or proportion of landscape planted to corn as response variables.  
  Total area planted to corn  Proportion landscape in corn 




Location Type 1, 2736 314 <0.0001  1, 2736 389.81 <0.0001 
Year of Injury 4, 2736 1.61 0.17  4, 2736 2.18 0.07 
Level of Continuous Corn 8, 2736 238.9 <0.0001  8, 2736 257.41 <0.0001 
Location × Year of Injury 4, 2736 1.6 0.17  4, 2736 4.12 0.003 
Location × Cont. Corn 8, 2736 10.18 <0.0001  8, 2736 9.83 <.0001 
Year × Cont. Corn 32, 2736 0.44 1.00  32, 2736 0.41 1.00 
Location × Year × Cont. Corn 32, 2736 0.26 1.00  32, 2736 0.31 1.00 




Location Type 1, 2736 139.1 <0.0001  1, 2736 188.33 <.0001 
Year of Injury 4, 2736 2.72 0.03  4, 2736 2.45 0.04 
Level of Continuous Corn 8, 2736 347.5 <0.0001  8, 2736 388.55 <.0001 
Location × Year of Injury 4, 2736 6.28 <0.0001  4, 2736 4.81 0.001 
Location × Cont. Corn 8, 2736 3.81 0.0002  8, 2736 4.00 0.0001 
Year × Cont. Corn 32, 2736 0.78 0.81  32, 2736 0.60 0.96 
Location × Year × Cont. Corn 32, 2736 0.59 0.97  32, 2736 0.56 0.98 




Location Type 1, 2736 62.17 <0.0001  1, 2736 124.65 <0.0001 
Year of Injury 4, 2736 8.37 <0.0001  4, 2736 6.97 <0.0001 
Level of Continuous Corn 8, 2736 675.9 <0.0001  8, 2736 744.03 <0.0001 
Location × Year of Injury 4, 2736 1.36 0.25  4, 2736 2.13 0.07 
Location × Cont. Corn 8, 2736 2.59 0.008  8, 2736 3.65 0.0003 
Year × Cont. Corn 32, 2736 0.67 0.92  32, 2736 0.63 0.95 
Location × Year × Cont. Corn 32, 2736 0.37 1.00  32, 2736 0.44 1.00 
1 Location Type = problem fields vs controls, Year of Injury = 2009 through 2013, Level 
of Continuous Corn = 1st-year corn through 9th-year continuous corn. 
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 Table 3. Analysis of variance models for problem fields and controls, with proportion of 
the landscape planted to corn as the response.  
 Problem Fields  Controls 
Effect 1 DF F P  DF F P 
Buffer  2, 1713 20.40 <0.0001  2, 6735 0.18 0.83 
Year of Injury  4, 1713 0.97 0.42  4, 6735 7.30 <0.0001 
Buffer × Year of Injury 8, 1713 0.52 0.84  8, 6735 0.45 0.89 





Figure 1. Visualization of continuous corn grown in Iowa in 2009 through 2013. For 
each randomly-selected control and problem field location, buffers were created at radii 
of 1.6, 3.2, and 16.1 km. Buffers were then intersected with continuous corn rasters to 
quantify the proportion of each buffer that contained each level of continuous corn (1st 




















Figure 2. Distribution of all problem field locations between 2009 and 2013 in Iowa. 
Warmer colors indicate a higher density of problem fields. Field locations were not 




Figure 3. Total area of corn and proportion of the landscape planted to corn observed 
within three different buffer sizes. Bar heights represent sample means averaged from 
2009 to 2013 and error bars are standard error of the mean. Sig. indicates a significant 
difference in the means between problem field buffers and control buffers, and NS 
indicates that no significant difference was found. The black line represents the statewide 




Figure 4. Comparisons between problem field buffers and controls buffers for A) total area of 
corn observed in each buffer for each level of continuous corn, and B) proportion of landscape 
planted to corn observed in each buffer for each level of continuous corn. Each cell represents the 
effect of location type (problem field vs control) at each level of year, buffer size, and level of 
continuous corn. Blue squares indicate that corn in problem field buffers was significantly 
different than the control buffers. Problem field means were higher than control means for all 
significant comparisons. Darker cells represent higher levels of significance. For example, the 
cell corresponding to the 2009 row and the first column in the 1.6 km buffer size category (top-
left cell) indicates that a greater proportion of first-year corn was observed in 2009 in 1.6 km 
buffers of problem fields compared to 1.6 km control buffers (P ≤ 0.05). 













































Figure 5. Proportion of agricultural land in Iowa that was planted to corn for three 
consecutive years and calendar year average price of corn. Bar heights represent the 
proportion of third-year corn at each year for the state, and the black line represents mean 
corn price for each year. Proportion of land in third-year corn in Iowa increased 
significantly from 2003 to 2018 (Kendall Tau-b correlation coefficient = 0.62, DF = 16, P 
= 0.0009). Proportion of land in third-year corn and corn price were significantly 



















































Proportion of Iowa planted to third-year continuous corn




Supplemental Table 1. Problem field years, locations, and presence in previous 
publications. 
Field Year County Publication 1 Field name in publication 2 
1 2009 Delaware Gassmann et al. 2011 P1 
2 2009 Delaware Gassmann et al. 2011 P2 
3 2009 Floyd Gassmann et al. 2011 P4 
4 2009 Jackson Gassmann et al. 2011 P3 
5 2010 Clayton Gassmann et al. 2012 S1 
6 2010 Clayton Gassmann et al. 2012 S5 
7 2010 Sioux Gassmann et al. 2012 S6 
8 2010 Clayton Gassmann et al. 2012 S7 
9 2010 Clayton N/A Unpub 
10 2010 Fayette N/A Unpub 
11 2010 Floyd N/A Unpub 
12 2011 Hancock Gassmann et al. 2014 P1 
13 2011 Howard Gassmann et al. 2014 P2 
14 2011 Johnson Gassmann et al. 2014 P3 
15 2011 Fayette Gassmann et al. 2014 P4 
16 2011 Winneshiek Gassmann et al. 2014 P5 
17 2011 Bremer Gassmann et al. 2014 P6 
18 2011 Clayton Gassmann et al. 2014 P7 
19 2011 Fayette Gassmann et al. 2014 P8 
20 2011 Sac Gassmann et al. 2014 P9 
21 2011 Clayton Gassmann et al. 2014 Supp 
22 2011 Fayette Gassmann et al. 2014 Supp 
23 2011 Fayette Gassmann et al. 2014 Supp 
24 2011 Jones Gassmann et al. 2014 Supp 
25 2011 Fayette Gassmann et al. 2014 Supp 
26 2012 Sioux Jakka et al. 2016 P1 
27 2012 Carroll Jakka et al. 2016 P2 
28 2012 Franklin Jakka et al. 2016 P3 
29 2012 Butler Jakka et al. 2016 P4 
30 2012 Fayette Jakka et al. 2016 P5 
31 2012 Jackson Jakka et al. 2016 P6 
1 N/A indicates that the field has not previously appeared in a peer-reviewed publication. 
2 Field names follow the naming conventions found in the relevant publication. “Supp” 
indicates that the field was located in the supplemental material of the publication. 




Supplemental Table 1 Continued 
Field Year County Publication 1 Field name in publication 2 
32 2012 Allamakee N/A Unpub 
33 2012 Cass N/A Unpub 
34 2012 Cherokee N/A Unpub 
35 2012 Chickasaw N/A Unpub 
36 2012 Clayton N/A Unpub 
37 2012 Clayton N/A Unpub 
38 2012 Clayton N/A Unpub 
39 2012 Dubuque N/A Unpub 
40 2012 Dubuque N/A Unpub 
41 2012 Grundy N/A Unpub 
42 2012 Hardin N/A Unpub 
43 2012 Jones N/A Unpub 
44 2012 Plymouth N/A Unpub 
45 2012 Winneshiek N/A Unpub 
46 2012 Winneshiek N/A Unpub 
47 2012 Winneshiek N/A Unpub 
48 2012 Winneshiek N/A Unpub 
49 2012 Woodbury N/A Unpub 
50 2012 Wright N/A Unpub 
51 2013 Boone N/A Unpub 
52 2013 Boone N/A Unpub 
53 2013 Boone Gassmann et al. 2016 P3 
54 2013 Franklin Gassmann et al. 2016 P4 
55 2013 Wright Gassmann et al. 2016 P5 
56 2013 Wright Gassmann et al. 2016 P6 
57 2013 Pottawattamie Gassmann et al. 2016 P7 
58 2013 Pottawattamie Gassmann et al. 2016 P8 
59 2013 Boone Gassmann et al. 2016 P9 
60 2013 Crawford N/A Unpub 
61 2013 Bremer N/A Unpub 
62 2013 Wright Dunbar et al. 2016 Supp 
63 2013 Wright Dunbar et al. 2016 Supp 
64 2013 Wright Dunbar et al. 2016 Supp 
1 N/A indicates that the field has not previously appeared in a peer-reviewed publication. 
2 Field names follow the naming conventions found in the relevant publication. “Supp” 
indicates that the field was located in the supplemental material of the publication. 









Supplemental Table 2. Mean total number of raster cells (56 m resolution) in each buffer for each level of continuous corn. 
 2009  2010 
 Problem fields  Controls  Problem fields  Controls 
Years of 
corn 
N Mean SE  N Mean SE  N Mean SE  N Mean SE 
 1.6 km buffer  1.6 km buffer 
1 4 1222.50 285.99  50 907.66 65.23  7 1420.00 133.02  50 1002.30 66.22 
2 4 825.00 292.01  50 287.02 42.34  7 662.57 108.18  50 301.06 43.77 
3 4 680.25 259.84  50 194.56 36.45  7 597.57 115.95  50 196.76 39.32 
4 4 587.25 246.52  50 138.04 30.69  7 522.86 111.18  50 151.70 33.03 
5 4 472.50 234.89  50 81.70 23.79  7 415.43 95.39  50 95.50 21.84 
6 4 382.75 192.06  50 61.48 19.16  7 222.29 43.45  50 52.14 12.26 
7 4 288.50 139.86  50 32.34 13.52  7 145.29 42.74  50 38.06 11.18 
8 4 209.50 100.49  50 25.32 12.22  7 73.43 27.02  50 22.40 6.62 
9 4 133.25 65.29  50 16.64 10.85  7 52.00 20.82  50 15.02 5.35 
 3.2 km buffer  3.2 km buffer 
1 4 3026.25 891.88  50 2808.68 156.73  7 3720.86 352.28  50 3110.80 160.95 
2 4 1595.50 687.70  50 845.24 82.93  7 1904.71 447.29  50 966.04 125.75 
3 4 1356.00 617.57  50 574.20 71.99  7 1480.14 346.55  50 612.50 103.01 
4 4 1114.50 575.99  50 311.32 53.33  7 1343.00 341.49  50 448.06 93.04 
5 4 874.75 463.07  50 182.26 41.44  7 981.57 267.65  50 296.58 71.62 
6 4 681.00 403.02  50 121.12 32.24  7 680.00 201.19  50 173.94 48.40 
7 4 466.00 263.57  50 70.94 22.32  7 508.43 142.52  50 113.68 38.81 
8 4 294.50 169.28  50 44.50 15.85  7 325.43 93.43  50 71.00 25.83 
9 4 191.50 110.34  50 24.90 11.29  7 233.14 71.25  50 47.50 21.64 
 16.1 km buffer  16.1 km buffer 
1 4 85009.00 10827.47  50 93184.12 3360.48  7 103145.71 5242.71  50 96950.60 3919.47 
2 4 44005.50 11227.48  50 30421.86 2292.99  7 43069.14 4193.89  50 27121.00 1931.91 
3 4 32920.50 10067.76  50 21721.56 1928.91  7 30037.29 2977.72  50 17129.92 1536.88 
4 4 24463.50 8911.90  50 12751.62 1384.17  7 23694.57 2263.62  50 12960.44 1372.32 
5 4 16814.75 7385.25  50 7275.22 910.77  7 15980.71 1764.24  50 8607.46 1049.36 
6 4 12879.75 6040.46  50 4430.76 635.53  7 10581.43 1601.35  50 5039.50 724.87 
7 4 8600.75 4042.56  50 2502.56 409.75  7 6529.00 745.31  50 3371.32 553.01 
8 4 5368.50 2511.94  50 1389.30 245.91  7 4056.43 408.47  50 2075.48 375.04 







Supplemental Table 2 Continued 
 2011  2012 




N Mean SE  N Mean SE 
 
N Mean SE  N Mean SE 
 1.6 km buffer  1.6 km buffer 
1 14 1354.71 121.73  50 986.08 66.82  25 1349.48 76.30  50 987.66 69.46 
2 14 838.50 119.05  50 281.86 46.81  25 821.96 66.98  50 376.52 56.54 
3 14 576.00 107.34  50 186.60 36.60  25 658.12 61.15  50 229.04 46.93 
4 14 488.86 106.35  50 142.52 31.73  25 457.60 49.42  50 135.44 30.04 
5 14 425.50 96.50  50 114.68 26.73  25 348.68 41.62  50 102.98 22.97 
6 14 273.64 67.39  50 67.88 18.22  25 260.60 34.00  50 86.00 22.24 
7 14 165.93 41.79  50 36.30 12.34  25 166.52 27.31  50 56.92 16.46 
8 14 103.36 33.06  50 22.42 9.00  25 102.32 22.64  50 33.10 10.72 
9 14 65.00 21.95  50 14.12 5.46  25 59.92 12.72  50 19.26 6.66 
 3.2 km buffer  3.2 km buffer 
1 14 3981.43 294.18  50 3062.50 183.91  25 3774.12 147.44  50 3037.08 173.33 
2 14 1945.00 263.02  50 936.86 125.28  25 1965.64 169.75  50 1169.44 140.17 
3 14 1025.36 172.74  50 548.60 90.22  25 1415.04 154.46  50 721.66 111.15 
4 14 813.29 156.49  50 399.56 78.75  25 1006.04 137.08  50 459.36 85.27 
5 14 671.07 140.87  50 339.24 71.70  25 766.24 117.94  50 373.52 77.64 
6 14 468.00 110.80  50 230.66 60.31  25 653.40 107.16  50 317.64 71.11 
7 14 321.79 83.65  50 135.06 48.50  25 456.64 79.16  50 229.04 56.38 
8 14 214.29 68.54  50 91.68 35.37  25 294.24 51.49  50 141.70 39.08 
9 14 119.29 41.85  50 69.28 28.86  25 169.32 37.39  50 92.02 29.20 
 16.1 km buffer  16.1 km buffer 
1 14 103933.64 5393.36  50 95428.54 4154.56  25 104436.28 3872.75  50 96057.32 4493.62 
2 14 44668.64 3507.50  50 29455.60 3013.54  25 52597.96 4008.47  50 38316.70 3398.82 
3 14 27208.14 2711.79  50 17646.30 2168.08  25 35640.12 3690.13  50 24262.68 2672.62 
4 14 19545.21 2293.68  50 12390.42 1741.26  25 25018.00 3000.68  50 16497.48 2084.32 
5 14 16195.14 2127.91  50 10235.02 1554.47  25 19591.84 2583.85  50 12868.20 1739.50 
6 14 11111.86 1670.15  50 7138.02 1208.56  25 16570.24 2275.10  50 10957.86 1554.80 
7 14 7029.14 1087.65  50 4446.02 890.39  25 11871.40 1878.06  50 7761.14 1209.18 
8 14 4774.43 716.58  50 3007.70 669.92  25 8171.76 1516.66  50 4896.06 879.78 







Supplemental Table 2 Continued 
 2013 
 Problem fields  Controls 
Years of 
corn 
N Mean SE  N Mean SE 
 1.6 km buffer 
1 14 1384.00 101.15  50 984.50 65.66 
2 14 771.21 113.38  50 413.12 61.13 
3 14 605.21 113.52  50 302.82 56.78 
4 14 419.79 91.05  50 198.14 47.09 
5 14 347.71 92.78  50 161.24 45.25 
6 14 289.64 84.73  50 132.58 43.31 
7 14 282.86 83.90  50 122.66 42.92 
8 14 165.79 41.76  50 93.64 32.94 
9 14 103.71 37.73  50 64.30 20.94 
 3.2 km buffer 
1 14 3332.07 219.40  50 3049.96 157.53 
2 14 1357.29 243.33  50 1204.36 141.54 
3 14 998.57 215.98  50 887.42 123.03 
4 14 641.64 178.25  50 561.56 95.78 
5 14 477.00 148.03  50 411.76 81.13 
6 14 429.57 152.12  50 332.66 72.81 
7 14 404.36 145.66  50 296.08 66.17 
8 14 323.86 123.12  50 222.04 55.08 
9 14 242.79 96.84  50 164.98 48.82 
 16.1 km buffer 
1 14 109764.64 2390.85  50 97867.36 4102.73 
2 14 42553.64 3888.51  50 36268.68 3458.83 
3 14 29013.64 3336.44  50 24907.46 2838.49 
4 14 18574.57 3130.43  50 16701.58 2200.22 
5 14 13821.21 2811.94  50 12112.18 1717.14 
6 14 11313.21 2413.79  50 9732.80 1457.33 
7 14 9777.00 2123.28  50 8508.30 1330.28 
8 14 6632.64 1507.08  50 6236.30 1048.41 







Supplemental Table 3. Mean proportion of the landscape planted to corn in each buffer for each level of continuous corn. 
 2009  2010  2011 




N Mean SE  N Mean SE  N Mean SE  N Mean SE  N Mean SE  N Mean SE 
 1.6 km buffer  1.6 km buffer  1.6 km buffer 
1 4 0.575 0.105  50 0.421 0.026  7 0.624 0.053  50 0.438 0.025  14 0.582 0.045  50 0.444 0.025 
2 4 0.398 0.123  50 0.135 0.019  7 0.316 0.060  50 0.142 0.020  14 0.366 0.048  50 0.131 0.021 
3 4 0.330 0.112  50 0.092 0.016  7 0.290 0.063  50 0.093 0.018  14 0.259 0.045  50 0.090 0.017 
4 4 0.290 0.108  50 0.066 0.014  7 0.257 0.059  50 0.072 0.015  14 0.221 0.045  50 0.069 0.015 
5 4 0.253 0.108  50 0.041 0.011  7 0.206 0.047  50 0.045 0.010  14 0.194 0.042  50 0.056 0.013 
6 4 0.217 0.093  50 0.031 0.009  7 0.121 0.028  50 0.026 0.006  14 0.125 0.029  50 0.033 0.008 
7 4 0.167 0.063  50 0.017 0.006  7 0.078 0.024  50 0.020 0.005  14 0.083 0.020  50 0.019 0.006 
8 4 0.128 0.048  50 0.013 0.006  7 0.040 0.015  50 0.012 0.003  14 0.054 0.017  50 0.012 0.004 
9 4 0.086 0.032  50 0.008 0.005  7 0.029 0.012  50 0.008 0.003  14 0.034 0.011  50 0.008 0.003 
 3.2 km buffer  3.2 km buffer  3.2 km buffer 
1 4 0.468 0.120  50 0.445 0.019  7 0.566 0.032  50 0.460 0.019  14 0.581 0.036  50 0.460 0.022 
2 4 0.252 0.100  50 0.141 0.013  7 0.299 0.062  50 0.153 0.018  14 0.290 0.038  50 0.144 0.018 
3 4 0.214 0.094  50 0.096 0.011  7 0.236 0.047  50 0.097 0.015  14 0.161 0.027  50 0.088 0.014 
4 4 0.178 0.091  50 0.054 0.009  7 0.214 0.047  50 0.072 0.014  14 0.128 0.024  50 0.064 0.012 
5 4 0.151 0.079  50 0.034 0.007  7 0.157 0.038  50 0.048 0.011  14 0.107 0.022  50 0.055 0.011 
6 4 0.122 0.072  50 0.023 0.006  7 0.115 0.031  50 0.030 0.008  14 0.075 0.017  50 0.038 0.009 
7 4 0.085 0.046  50 0.013 0.004  7 0.087 0.022  50 0.020 0.006  14 0.056 0.014  50 0.023 0.008 
8 4 0.055 0.031  50 0.008 0.003  7 0.057 0.014  50 0.012 0.004  14 0.038 0.012  50 0.016 0.006 
9 4 0.038 0.022  50 0.005 0.002  7 0.041 0.011  50 0.008 0.003  14 0.021 0.007  50 0.012 0.005 
 16.1 km buffer  16.1 km buffer  16.1 km buffer 
1 4 0.444 0.053  50 0.454 0.014  7 0.508 0.006  50 0.449 0.014  14 0.511 0.018  50 0.464 0.015 
2 4 0.241 0.064  50 0.153 0.011  7 0.231 0.028  50 0.135 0.009  14 0.225 0.017  50 0.149 0.015 
3 4 0.184 0.058  50 0.111 0.010  7 0.164 0.021  50 0.086 0.007  14 0.143 0.013  50 0.094 0.011 
4 4 0.142 0.053  50 0.066 0.007  7 0.132 0.017  50 0.066 0.007  14 0.103 0.011  50 0.066 0.009 
5 4 0.112 0.049  50 0.040 0.005  7 0.091 0.014  50 0.044 0.005  14 0.087 0.010  50 0.055 0.008 
6 4 0.091 0.042  50 0.025 0.004  7 0.068 0.013  50 0.028 0.004  14 0.060 0.008  50 0.039 0.006 
7 4 0.062 0.029  50 0.014 0.002  7 0.043 0.007  50 0.019 0.003  14 0.042 0.006  50 0.027 0.005 
8 4 0.040 0.019  50 0.008 0.001  7 0.027 0.004  50 0.012 0.002  14 0.030 0.004  50 0.019 0.004 
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 2012  2013 




N Mean SE  N Mean SE 
 
N Mean SE  N Mean SE 
 1.6 km buffer  1.6 km buffer 
1 25 0.591 0.024  50 0.453 0.028  14 0.601 0.041  50 0.446 0.025 
2 25 0.364 0.026  50 0.174 0.024  14 0.337 0.048  50 0.192 0.026 
3 25 0.295 0.024  50 0.106 0.020  14 0.264 0.048  50 0.140 0.024 
4 25 0.217 0.022  50 0.065 0.014  14 0.185 0.039  50 0.091 0.020 
5 25 0.169 0.019  50 0.049 0.010  14 0.159 0.041  50 0.076 0.020 
6 25 0.126 0.015  50 0.041 0.010  14 0.133 0.038  50 0.062 0.019 
7 25 0.082 0.012  50 0.028 0.008  14 0.131 0.038  50 0.057 0.019 
8 25 0.055 0.011  50 0.017 0.005  14 0.078 0.019  50 0.044 0.015 
9 25 0.035 0.008  50 0.010 0.003  14 0.050 0.018  50 0.032 0.010 
 3.2 km buffer  3.2 km buffer 
1 25 0.558 0.017  50 0.460 0.022  14 0.550 0.029  50 0.462 0.019 
2 25 0.298 0.026  50 0.179 0.020  14 0.227 0.040  50 0.184 0.020 
3 25 0.217 0.023  50 0.111 0.016  14 0.168 0.036  50 0.135 0.018 
4 25 0.161 0.021  50 0.073 0.013  14 0.110 0.030  50 0.085 0.014 
5 25 0.123 0.018  50 0.059 0.012  14 0.087 0.027  50 0.065 0.012 
6 25 0.106 0.017  50 0.051 0.011  14 0.079 0.028  50 0.053 0.011 
7 25 0.076 0.013  50 0.037 0.009  14 0.076 0.027  50 0.048 0.010 
8 25 0.054 0.010  50 0.024 0.007  14 0.061 0.023  50 0.036 0.009 
9 25 0.034 0.008  50 0.016 0.005  14 0.047 0.018  50 0.028 0.008 
 16.1 km buffer  16.1 km buffer 
1 25 0.502 0.014  50 0.460 0.017  14 0.537 0.011  50 0.462 0.016 
2 25 0.261 0.021  50 0.186 0.016  14 0.214 0.021  50 0.171 0.016 
3 25 0.179 0.019  50 0.118 0.013  14 0.147 0.019  50 0.118 0.013 
4 25 0.132 0.016  50 0.084 0.011  14 0.097 0.018  50 0.080 0.010 
5 25 0.105 0.014  50 0.066 0.009  14 0.076 0.017  50 0.060 0.008 
6 25 0.089 0.012  50 0.057 0.008  14 0.063 0.015  50 0.049 0.007 
7 25 0.065 0.010  50 0.041 0.006  14 0.055 0.013  50 0.043 0.007 
8 25 0.051 0.009  50 0.028 0.005  14 0.038 0.009  50 0.032 0.005 







Supplemental Table 4. Results of comparisons between problem fields and controls for total number of raster cells (56 m resolution) 
counted at each level of continuous corn and buffer size. 
 2009  2010  2011  2012  2013 
Years of corn DF F P  DF F P  DF F P  DF F P  DF F P 
 1.6 km buffer  1.6 km buffer  1.6 km buffer  1.6 km buffer  1.6 km buffer 
1 1 5.01 0.03  1 14.62 0.0001  1 20.29 <.0001  1 29.78 <.0001  1 23.83 <.0001 
2 1 14.63 0.0001  1 10.95 0.0009  1 46.25 <.0001  1 45.13 <.0001  1 19.14 <.0001 
3 1 11.92 0.0006  1 13.46 0.0002  1 22.64 <.0001  1 41.88 <.0001  1 13.65 0.0002 
4 1 10.2 0.0014  1 11.54 0.0007  1 17.91 <.0001  1 23.61 <.0001  1 7.33 0.0068 
5 1 7.72 0.0055  1 8.58 0.0034  1 14.42 0.0001  1 13.73 0.0002  1 5.19 0.02 
6 1 5.22 0.02  1 2.43 0.12  1 6.32 0.012  1 6.93 0.0085  1 3.68 0.06 
7 1 3.32 0.07  1 0.96 0.33  1 2.51 0.11  1 2.73 0.10  1 3.83 0.05 
8 1 1.71 0.19  1 0.22 0.64  1 0.98 0.32  1 1.09 0.30  1 0.78 0.38 
9 1 0.69 0.41  1 0.11 0.74  1 0.39 0.53  1 0.38 0.54  1 0.23 0.63 
 3.2 km buffer  3.2 km buffer  3.2 km buffer  3.2 km buffer  3.2 km buffer 
1 1 0.42 0.52  1 5.51 0.02  1 22.26 <.0001  1 21.82 <.0001  1 2.1 0.15 
2 1 5.02 0.03  1 13.04 0.0003  1 26.79 <.0001  1 25.46 <.0001  1 0.62 0.43 
3 1 5.46 0.02  1 11.14 0.0009  1 5.99 0.01  1 19.31 <.0001  1 0.33 0.57 
4 1 5.76 0.02  1 11.85 0.0006  1 4.51 0.03  1 12 0.0005  1 0.17 0.68 
5 1 4.28 0.04  1 6.94 0.01  1 2.9 0.09  1 6.19 0.01  1 0.11 0.74 
6 1 2.8 0.09  1 3.79 0.05  1 1.48 0.22  1 4.53 0.03  1 0.25 0.62 
7 1 1.39 0.24  1 2.31 0.13  1 0.92 0.34  1 2.08 0.15  1 0.31 0.58 
8 1 0.56 0.46  1 0.96 0.33  1 0.4 0.53  1 0.93 0.33  1 0.27 0.60 
9 1 0.25 0.62  1 0.51 0.48  1 0.07 0.80  1 0.24 0.62  1 0.16 0.69 
 16.1 km buffer  16.1 km buffer  16.1 km buffer  16.1 km buffer  16.1 km buffer 
1 1 1.25 0.26  1 1.19 0.28  1 4 0.05  1 5.91 0.02  1 7.82 0.0052 
2 1 3.45 0.06  1 7.89 0.005  1 12.79 0.0004  1 17.17 <.0001  1 2.18 0.14 
3 1 2.35 0.13  1 5.17 0.02  1 5.05 0.02  1 10.9 0.001  1 0.93 0.33 
4 1 2.57 0.11  1 3.57 0.06  1 2.83 0.09  1 6.11 0.01  1 0.19 0.66 
5 1 1.7 0.19  1 1.69 0.19  1 1.96 0.16  1 3.81 0.05  1 0.16 0.69 
6 1 1.34 0.25  1 0.95 0.33  1 0.87 0.35  1 2.65 0.10  1 0.14 0.71 
7 1 0.7 0.40  1 0.31 0.58  1 0.37 0.54  1 1.42 0.23  1 0.09 0.77 
8 1 0.3 0.59  1 0.12 0.73  1 0.17 0.68  1 0.9 0.34  1 0.01 0.93 








Supplemental Table 5. Results of comparisons between problem fields and controls for proportion of the landscape planted to corn at 
each level of continuous corn and buffer size. 
 2009  2010  2011  2012  2013 
Years of 
corn 
DF F P  DF F P  DF F P  DF F P  DF F P 
 1.6 km buffer  1.6 km buffer  1.6 km buffer  1.6 km buffer  1.6 km buffer 
1 1 6.71 0.0096  1 16.21 <.0001  1 15.91 <.0001  1 24.24 <.0001  1 20.01 <.0001 
2 1 19.51 <.0001  1 14.21 0.0002  1 46.06 <.0001  1 45.82 <.0001  1 17.71 <.0001 
3 1 16.01 <.0001  1 18.24 <.0001  1 23.92 <.0001  1 45.67 <.0001  1 12.71 0.0004 
4 1 14.17 0.0002  1 16.1 <.0001  1 19.33 <.0001  1 29.32 <.0001  1 7.48 0.0063 
5 1 12.77 0.0004  1 12.09 0.0005  1 15.9 <.0001  1 18.28 <.0001  1 5.71 0.0169 
6 1 9.75 0.0018  1 4.22 0.04  1 7.06 0.0079  1 9.14 0.0025  1 4.22 0.04 
7 1 6.42 0.01  1 1.58 0.21  1 3.45 0.06  1 3.67 0.06  1 4.57 0.03 
8 1 3.73 0.05  1 0.37 0.54  1 1.48 0.22  1 1.87 0.17  1 0.98 0.32 
9 1 1.72 0.19  1 0.2 0.65  1 0.57 0.45  1 0.81 0.37  1 0.29 0.59 
 3.2 km buffer  3.2 km buffer  3.2 km buffer  3.2 km buffer  3.2 km buffer 
1 1 0.24 0.62  1 8.22 0.0042  1 19.07 <.0001  1 19.04 <.0001  1 9.98 0.0016 
2 1 5.45 0.02  1 15.73 <.0001  1 27.52 <.0001  1 28.3 <.0001  1 2.44 0.12 
3 1 6.13 0.01  1 14.05 0.0002  1 6.97 0.0083  1 22.32 <.0001  1 1.45 0.23 
4 1 6.84 0.0089  1 14.82 0.0001  1 5.36 0.0207  1 15.51 <.0001  1 0.84 0.36 
5 1 6.13 0.01  1 8.66 0.0033  1 3.46 0.06  1 8.14 0.0044  1 0.63 0.43 
6 1 4.36 0.04  1 5.26 0.0219  1 1.8 0.18  1 5.99 0.0145  1 0.9 0.34 
7 1 2.25 0.13  1 3.29 0.0696  1 1.4 0.24  1 2.95 0.09  1 1.03 0.31 
8 1 0.97 0.32  1 1.44 0.23  1 0.64 0.42  1 1.78 0.18  1 0.81 0.37 
9 1 0.49 0.48  1 0.8 0.37  1 0.1 0.75  1 0.65 0.42  1 0.46 0.50 
 16.1 km buffer  16.1 km buffer  16.1 km buffer  16.1 km buffer  16.1 km buffer 
1 1 0.1 0.75  1 5.08 0.02  1 5.87 0.0155  1 6.97 0.0083  1 14.94 0.0001 
2 1 6.96 0.0084  1 13.83 0.0002  1 15.38 <.0001  1 22.81 <.0001  1 4.7 0.0302 
3 1 4.81 0.03  1 9.07 0.0026  1 6.46 0.0111  1 14.85 0.0001  1 2.3 0.13 
4 1 5.17 0.02  1 6.43 0.01  1 3.67 0.0554  1 9.3 0.0023  1 0.78 0.38 
5 1 4.58 0.03  1 3.29 0.07  1 2.62 0.11  1 5.98 0.01  1 0.65 0.42 
6 1 3.81 0.05  1 2.39 0.12  1 1.18 0.28  1 4.28 0.04  1 0.52 0.47 
7 1 2.01 0.16  1 0.82 0.37  1 0.65 0.42  1 2.42 0.12  1 0.37 0.55 
8 1 0.93 0.34  1 0.35 0.56  1 0.33 0.57  1 2.11 0.15  1 0.09 0.76 
9 1 0.45 0.50  1 0.14 0.71  1 0.08 0.78  1 1.48 0.22  1 0 0.95 
157 
 
CHAPTER 5.    GENERAL CONCLUSIONS 
The goal of the research presented in this dissertation was to further understand 
and explore the relevant spatial scale of western corn rootworm resistance to Cry3Bb1. In 
the examination of local landscapes in Chapter Two, it was found that rootworm 
populations were similar in fields that had previously experienced injury to Cry3 corn by 
western corn rootworm compared to fields in the surrounding landscape. Populations in 
the two field types did not differ in adult abundance, root injury to corn, or levels of 
resistance to Cry3Bb1 corn. Additionally, fields that had experienced injury to corn in the 
past had employed different management strategies than surrounding fields in the past six 
years, having grown more Cry3 corn and less non-Bt corn. These results suggest that 
Cry3Bb1-resistant rootworm moved from focal fields, where selection pressure for 
Cry3Bb1 resistance had been relatively high, into the surrounding landscape. While 
previous research has demonstrated that selection pressure within a field is an important 
driver of resistance evolution, this experiment supports the hypothesis that rootworm 
movement may result in homogenization of resistance in local landscapes where 
resistance has evolved. 
A comparison of counties in Iowa with a history of injury to Cry3 corn and 
counties that had not previously reported injury (Chapter Three) revealed that western 
corn rootworm populations were similar between the two county types. Rootworm 
populations did not differ between problem and non-problem counties with regard to 
adult abundance, root injury to corn, or levels of resistance to Cry3Bb1. However, farm 
management strategies for rootworm differed substantially between county types, with 
problem-county fields growing more continuous corn, rotating less frequently, using 
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more soil insecticide, and planting Cry34/35Ab1 corn more often. The amount of Cry3 
corn grown in the past six years did not differ between county types, indicating a 
similarity in selection pressure for resistance to this toxin, and this may explain, at least 
in part, the similarity observed in resistance to Cry3Bb1 between geographic regions. 
Problem-county fields had used more soil insecticide and planted more Cry34/35Ab1 
corn, but adult abundance and root injury were the same in the county types. This is to be 
expected if rootworm prevalence was naturally higher in problem counties than in non-
problem counties, and the management used in problem counties mitigated abundance 
and injury to corn. Overall, this study emphasized that, despite differences in regional 
management tactics for rootworm, populations were similar in different areas around the 
state and resistance to Cry3Bb1 is now geographically widespread. 
Geospatial analyses can be powerful tools for understanding landscapes dynamics 
on a large scale. Chapter Four used publicly-available land-use data in conjunction with 
ArcGIS to explore cropping patterns in landscapes surrounding previous rootworm 
problem fields. This study demonstrated that the areas near fields where greater-than-
expected injury to Cry3Bb1 corn had occurred had more continuous corn growth 
compared to randomly selected control points in Iowa. Furthermore, the highest degree of 
continuous corn growth was within 1.6 km of the field centroid. This study showed that 
continuous corn was associated with greater-than-expected injury, and areas surrounding 
the field (i.e., landscapes beyond that of a single field) may act as habitat patches for 
rootworm populations. A high degree of continuous corn growth surrounding problem 
fields may have provided a means by which continual selection on Cry3Bb1 may have 
occurred, leading to the earliest cases of resistance in Iowa. This study also showed that 
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the proportion of agricultural land in Iowa that was planted to third-year continuous corn 
increased significantly between 2003 and 2018, and continuous corn was positively 
correlated with average corn price.      
These experiments demonstrate that spatial scales beyond the individual field are 
worth investigating with regard to western corn rootworm. On a local scale, cropping 
patterns and rootworm movement may work in concert to homogenize resistance to 
Cry3Bb1, and regional differences in management can help explain observed rootworm 
distributions. Continuous corn in certain regions of Iowa probably contributed to the 
earliest cases of resistance to this toxin, the first of which was reported in 2009. All 
populations assayed in these experiments (between 2015 and 2017), regardless of field or 
county type, displayed resistance to Cry3Bb1. Thus, resistance to this toxin is now 
practically ubiquitous in areas where rootworm are prevalent. In practice, Cry3Bb1 is no 
longer planted as a single trait, but is included as one toxin in a widely-used pyramid with 
Cry34/35Ab1. The presence of resistance to Cry3Bb1 will reduce the ability of this 
pyramid to delay resistance, and create selection pressure for resistance to Cry34/35Ab1. 
Field-evolved resistance to Cry34/35Ab1 has already been documented in some areas of 
Iowa. If resistance to future transgenic traits, such as those using RNA interference, is to 
be effectively delayed, we must assimilate the lessons of Cry3Bb1. Understanding the 
circumstances of how and when resistance evolved to this trait will be vital, and applying 
that knowledge to future resistance management approaches will help retain the benefits 
conferred by transgenic technology.  
